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CLIMATE CHANGE 

Seasonal Speedup Along the Western Flank of the Greenland Ice Sheet 

1. Joughin etal 

‘Measurements of ce motion from Greenland show that summer met water aceleates 

ice sheet low by 50 to 100% overall but has ess elect in the faster ute alaces. 

>> News sty. 201; Science Exes Report by S.B. Das ea. 
10.11.26éscience.1153288 

CLIMATE CHANGE 

Fracture Propagation to the Base of the Greenland Ice Sheet During 

Supraglacial Lake Drainage 

5.B Das et al 

Aarge lake on te surface af the Greenland Ke Sheet drained out through and a'ong 

the base ofthe ice Sheet within 2 hous, reveling an elfiient basal yd-oiogical system. 

>> News story p 301; Science Express Report by Joughin et al 
10.11.26éscience-1153360 
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Ve). Fabry 
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CELL BIOLOGY 

Reconstitution of Contractile FtsZ Rings in Liposomes 

M. Osawa, D. E. Anderson, H. P Erickson 

tubulin homolog rom prokaryotes can, without other proteins, assemble into rings 

around inasomes and constrict, suggesting a primordial cell division mechanism. 
10.11.26/science.1154520 


PHYSICS 

‘Quasi-Particle Properties from Tunneling in the v = % Fractional 

Quantum Hall State 

LP Radu, J. B. Miller, C.M. Marcus, M.A Kastner, . N. Pfeiffer, K. W. West 

Tanneling measurements between the conduction channels inthe fractional quantum 

Hall effect confirm that the charge i quantized in unit of ¥ ofan electron charge. 
10,1126/science.1157560 


Qinghaosu (Artemisinin): The Price of Success 
NA. White 
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‘The Movement of Aquatic Mercury Through 335 
Terrestrial Food Webs 

D.A. Cristol et al 

Industrial mercury ina contaminated rivercan spread beyond 

the immediate area to nearby teresrial ecosystems through 

{ood web connections. 
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Phytoplankton Calcification in a High-COs World 
IM. D. Iglesias-Rodriguez etal. 

Experiments show that acoccolithophore grows better at eleva 
«carbon dioxide levels, in contrast to predictions for most plankton, 
aad i already increasing in abundance 


‘The Global Circulation of Seasonal Influenza A 340 
(H3N2) Viruses 

CA Russell eal. 

Recent seasonal fl srains constantly evolved in avertanping 
epidemics in Asia then erupted to periodically sweep the word, 
ending in South America 6 to 18 months later. 


REPORTS 


Generalized Voice-Leading Spaces 
C Galtender,!. Quinn, D. fymoczko 

A geometic representation of Western music theory, in which 
distance represents similarity ol chord types, reveals relations 
among diverse musical concents. 


Picosecond Coherent Optical Manipulation of a 349 
Single Electron Spin in a Quantum Dot 

J. Berezovsky etal. 

Aseries of ultralas ontical puses can be used to rotate the sain 
ofa single electron ina quantum dot by a specified angle within 
a few picoseconds 
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PHYSIcs 
Coherent Dynamics of a Single Spin interacting 352 
with an Adjustable Spin Bath 

R Hanson et al. 

‘Simulations successtuily show how the spin ofa nitrogen vacancy in 
siamond is coupled to those of surrounding nitrogen impurities and 
how coherence between them is lost. 

APPLIED PHYSICS 

Chaotic Dirac Billiard in Graphene Quantum Dots 256 
LA. Ponomarenko etal. 

‘Graphene quantum dots vary with their size: Large dots form 
molecular-scae transistors, intermediate ones show quantum 

‘chaos, andthe smallest act as single-electron detectors. 
CHEMISTRY 

‘Atomlike, Hollow-Core-Bound Molecular Orbitals. 359 
of Cen 

M. Feng, 1 Zhao, H. Petek 

‘Scanning tunneling microscopy and density unctiona theory 

reveal that Gp acts asa superatom in which ts unoccupied 

‘orbitals are atomlke and delocalized in aggregates. 

GENETICS 

‘The Chemical Genomic Portrait of Yeast: Uncovering 362 
a Phenotype for All Genes 

ME. Hillenmeyer etal. 

Exposing yeast cultures to an extensive variety of small molecsles 
and environmental sreses indicates tat almost al genes nave a 
demonstrable biological function. 

CELL BIOLOGY 

‘WntSa Control of Cell Polarity and Directional 365 
‘Movement by Polarized Redistribution of Adhesion 
Receptors 

ES. Wize et al 

Adevelopmental signal causes clustering of membrane-associated 
proteins (inclatng is receptor) at one end of the cell, marking the 
‘el’ polarity for directional movemest. 
NEUROSCIENCE 

‘A Model for Neuronal Competition During 69 
Development 

C.D, Deppmann etal 

Modeling and exseriments show that neurons survive during 
develogment ven neuronal senstcation to survival signals 
‘outweighs antagonistic signals for cel death. 

MEDICINE 

Recapitulation of IVIG Anti-inflammatory Activity 373 
with a Recombinant IgG Fe 

RM. Anthony eta. 

By identifying the sugar modifications responsible forthe 
therapeutic, antiinflammatory effect of immunoglobulin, 

an improved recombinant version ca be formulated. 
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BIOCHEMISTRY 
Reconstitution of Pilus Assembly Reveals 2 376 
Bacterial Outer Membrane Catalyst 

M. Nishiyama, [. Ishikawa, H. Rechsteiner,R. Glockshuber 
‘The cel-fre formation af the pratruberant pilus of a pathogenic 
bacteria is accelerated by a protein that catalyzes supramolecular 
_assembiy without input of celular energy. 

BIOCHEMISTRY 

Structural Basis of Toll-Like Receptor 3 Signaling 379 
‘with Double-Stranded RNA 

Llivetal. 

Two horseshoe-shaped monomers ofan innate immunity receptor 
bind to vial RNA through carboxy-terminal dimerization, ultimately 
triggering ialammation.. 

BIOCHEMISTRY 

Divergence of Quaternary Structures Among 382 
Bacterial Flagellar Filaments 

V.E. Gaikin et al. 

Flagellar srteins from two bacterial species diverge in their 

coiled-coil region; only one triggers a immune response, 

hich may have driven their evolutionary divergence. 


NEUROSCIENCE 
‘The Antidepressant Fluoxetine Restores Plasticity 385 
in the Adult Visual Cortex 

1. Maya Vetencourt et al. 

‘An antidepressant drug increases growth factors and reduces 
inhibitory activity inthe visual cortex ol adult rats, thereby 

restoring the plasticity seen only during develooment. 
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Living in a World of Unfamiliar Voices 

‘Aworan witha lifelong inability to recognize wices is 3 medical 

mystery. 
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‘Tooling Up: On Headhunters 
DJensen 

Recruiters may seem to offer some advantages, but early-career 
scentists should stil keep ther heads 
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ST NETWATCH: BioModels Database 
Explore this collection of mathematical models of biological 
pathways; in Modeling Tools. 

'STNETWATCH: CellDesigner 

Build mathematical models of biological pathways with CliDesigner, 
in Modeling Tools 

‘ST NETWATCH: Systems Biology Workbench 

Integrate mathematical models and share data between different 
‘applications; in Modeling Tools. ) 


SCIENCE PODCAST 


Download the 18 April Science 
Podcast to hear about seasonal 
influenza, aquatic mercury in 
terrestrial food webs, making 
synthetic fuels, a geometric 
‘model of music, and more. 
vem scercerag.egfabontipetcas:. 
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Stocking the 
Malaria Arsenal 


‘An unassuming plant from China shows promise 
as.a source of powerful antimalarial drugs. 
Artemisinin and its various derivatives, often 
delivered in combination with preexisting anti- 
malarial drugs, are proving tough in the fight 
against malaria. White (p. 330) reviews the 
derivation of the artemisinin arsenal, its current 
deployment, and how combination artemisinin 
therapies fit in with global policy initiatives to 
put malaria to rest 


One-Way Ticket 

for Influenza 

During the past 5 years, influenza epidemics have 
been seeded by viruses that originated in east and 
‘Southeast Asia, probably from temporally overlap- 
ping epilemics rather than by persistence. Russell 
et al. (p. 340) have taken 13,000 isolates of 
influenza virus and analyzed the HA1 domain of 
the hemagglutinin to investigate the ancesty of 
tthe circulating strains. Travel and trade connec- 
tions explain the global dissemination of influenza 
strains on a one-way route out of Asia, taking 
about 6 to 9 months to reach Europe and North 
America, Several months later, these strain ative 
at their evolutionary graveyard in South America. 
‘Thus, the antigenic characteristics of currently cir- 
culating viruses in east and Southeast Asia may be 
key to forecasting vaccine needs. 


Math and Music 


Musicians and composers use a variety of tech- 
niques for grouping notes that reflect an intuitive 
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<< Acid Tests 


‘One worrying consequence of increasing atmospheric 
carbon dioxide is ocean acidification. As the oceans 
absorb carbon dioxide, the pH will fall, making it more 
Jifficult for calcifying organisms such as corals to pro- 
duce and maintain their skeletons. This change could 
have disastrous consequences for many types of marine 
life, and also serious repercussions for terrestrial species 
including humans. Now Iglesias-Rodriguez et al. 
(p. 336) report that, contrary te expectations, high 
‘atmospheric carbon dioxide levels may actually increase 
calcification by the coccolithophore species Emiliania 
huxleyi. Thus, the ecological and biogeachemical effects 
of rising atmospheric carbon dioxide levels may not be 


sense oftheir relatedness. For example, major 
and minor triads (chords of three notes) are con- 
sidered to be similar, even though they do not 
sound exactly identical. Athough such intuitions 
are common, they are difficult to quantify 
Gallender et al. (p. 346; see the Perspective by 
Hall) use the methods of geometry to model how 
‘western musicians traditionally classify pitch 
sequences. Geometrical spaces exist in which 
chord types can be represented, and distance 
between chords in the mathematical sense corre 
sponds to similarity in the intuitive sense. This 
translation of musical theory into the language of 
contemporary geometry provides a framework for 
discerning relationships among musical works 
‘and tools for interpreting compositions 


Solid-State Spin Control 
The coherent control ofa 

single spin on a quantum 
dots a fundamental 
requirement for salid- 
state quantum informa- 
tion processing. Bere- 
zovsky et al. (p. 349) 
demonstrate such coher- 
‘ent manipulation of a 
single electron spin ona 
quantum dot using ultrafast 
‘optical pulses. Using the optical Stark effect and 
‘a series of ultrafast optical pulses, they rotate 
the single spin through arbitrary angles upto = 
radians on picosecond time scales. The observed 
spin rotations constitute true single-qubit opera- 
tions, performed on atime scale much shorter 
than the coherence time, and are really scala- 
ble tothe large number of operations needed for 
practical applications. However, in the case of 


—— 


straightforward. 


the nitrogen vacancy (NV) in diamond, the sin- 
gle spin to be manipulated sts in a bath of back- 
ground spins, which can be detrimental to the 
quantum dynamics ofthe NV center. Hanson et al. 
(p. 352, published online 13 March 2008; cover) 
present experimental and numerical modeting 
aimed at understanding the coupling and even- 
tually controlling the coherence of the quantum 
ddynamics of the spin of the NV center. 


Cellular Orienteering 
How do cells control membrane retraction and the 
direction of cell movement? Witze et al. (p. 365; 
see the Perspective by Bowerman) examined 
cells responding tothe developmental signaling 
protein Wnt. Cultured human melanoma ells 
responded to WntSA by accumulating a cluster of 
receptor, adhesion, cytoskeletal, and motor pro- 
teins near the cll surface. When cells were 
orienting in a gradient of chemokine concen- 
tration, the protein cluster was localized 
asymmetrically atthe posterior of the cell 
This structure may help cells integrate the 
actions of receptors that mediate cll adhe- 
sion and cell signaling with ytoskeletal 
components to control membrane retraction 
and the direction of cell movement. 


The Yin and Yang of 
Neuronal Maintenance 


During development, more peripheral neurons 
project to target organs than are ultimately 
needed, The neurons then compete for neuro- 
trophic factors that are secreted by target cells. 
Deppmann et al. (p. 369, published online 6 
Continued on page 287 
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‘March 2008) now explain how some neurons manage to survive, whereas others die, even though they 
have similar access to sustaining growth factors. The answer appears to depend on a series of feedback 
loops. Nerve growth factor (NGF) secreted by target cells not only stimulates expression of its own recep- 
tor, but also promotes expression of other factors that can cause neuronal cell death. The surviving neu- 
rans appear to have sufficiently strong NGF signaling to withstand the antagonistic signals. 


Improving on Immunoglobulins 

Intravenous immunoglobulin (IVIG) therapy uses pooled fractions of human serum immunoglobulin 
(igG) to treat a variety of conditions, including autoimmune diseases. The treatment relies in some way 
on the anti-inflammatory activity of a subfraction of the immunoglobulins applied, and sialyation of 
N-linked sugars in the constant portion ofthe Ig chains is known tobe important. Now, Anthony etal. 
(p. 373) define a specific sialic acid-galactose linkage required for anti-inflammatory activity. A recom 
binant sialylated IgG Fc fragment could recapitulate the anti-inflammatory activity of IVIG, suggesting 
that it might be posible to capture the effectiveness of VIG without the need for human donors. 


Reconstitution of Bacterial Pilus Assembly 

‘Adhesive pili are filamentous protein complexes on bacterial surfaces, which mediate the adhesion of 
pathogenic bacteria to host tissues. ili serve as a paradigm for studying ordered macromolecular assem- 
bly reactions at the bacterial cell membrane. Nishiyama et al (p. 376, published online 27 March 2008) 
naw describe the complete in vitro reconstitution of an assembly and secretion system for adhesive pili 
from purified pilus proteins, using type 1 pili fram uropathogenic Escherichia coli. The reconstitution 
reveals how a protein catalyst can accelerate the ordered assembly of a supramolecular protein complex. 


Receptor-dsRNA-Receptor 

Toll-like receptors recognize molecules associated with pathogens and initiate inflammatory 
responses. For example, Toll-like receptor 3 (TLR3) recognizes double-stranded RNA (dsRNA), an 
{intermediate in viral replication. The TLR3 ectodomain binds as a dimer to dsRNA, but the molecular 
basis for signaling remains unclear. Liu et al. (p. 379) now report the structure of a complex between 
two mouse TLR3- ectodomains and dsRNA. Two horseshoe-shaped TLR3-ectodomain monomers bind 
to opposite faces ofthe dsRNA through their N- and C-termini and dimerize through their C-termi 

so that the N-termini are at oppasite ends ofthe linear dsRNA molecule. This dimerization mode 
ould mediate signal transduction by facilitating dimerization of the receptor cytoplasmic domains 


Little Change, Large Consequence 
‘Occasionally, small changes in sequence change the overall architecture 
af large protein assemblies. One system for understanding protein assem- 
biys the bacterial lagellar filament, the prototype of which comes from 
Salmoneita and contains eleven protofilaments. Galkin et al. (p. 382), 
now show that the homologous flagellar filament of Camplyobacter 
contains only seven protofilaments. The difference may be related to 
Hy sequence divergence ina region of flagellin that in Salmoneliais 
involved in cciled-<cil formation and is recognized by the vertebrate 
‘Toll-like receptor 5 (TLRS). Campylobacter is not recognized by TLRS, 
and ts evasion may have driven the change in quaternary structure 


Antidepressants and Adult Brain Plasticity 

The mechanism of action of antidepressant drugs is still unclear, but neuronal plasticity may be 
important. Maya Vetencourt et al. (p. 385) investigated whether chronic treatment with antidepres- 
sants restores plasticity inthe adult visual system ofthe at. The authors used tio classical models of 
plasticity, the ocular dominance shift of visual cortical neurans following monocular deprivation and 
the recovery of visual function inthe adult afte long-term monocular deprivation. Surprisingly, 
chronic administration of antidepressants increased brain-derived neurotrophic factor expression in 
the visual cortex and reduced intracortical inhibition, thus restoring ocular dominance plasticity in 
adulthood and promoting the recovery of vision in adult rats. Antidepressants may thus increase plas- 
ticity throughout the brain, potentially explaining their antidepressant effects. 


www.sciencemag.org SCIENCE VOL320 18 APRIL 2008 
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Under the leadership of Director 
Richard M. Myers, the HudsonAlpha 
Institute for Biotechnology is a 
progressive alliance of not-for-profit, 
world-class researchers and diverse 


biotech companies 


Innovate 


Together, they are working to speed 
discovery and quickly move resea 
from the lab to market, benefiting 
human health and well being 
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Brace Alberts is 
Eitor-in-Chiel of Science 


New Career Paths for Scientists 


Last week om this page, I stressed the benefits to both science and society of transitioning well- 
trained scientists into broad array of endeavors, in research and in other roles. Here [suggestwo 
strategies that could help achieve this goal. 

For more than 30 years, the Science and Technology Policy Fellowships of the American 
Association for the Advancement of Science have recruited US. scientists and engineers at vari- 
‘ous stages of their careers, from ages 25 to 72, to work in the USS. federal government fora year. 
Similar 10-week fellowships at the U.S. National Academies in Washington, DC, allow graduate 
students and postdoctoral fellows in science and engineering from many nations to con- 
tribute to science and technology policy issues. Other fellowship opportunities in the 
United States and elsewhere provide exposure to the worlds of policy-making, teach- 
ing, and communication, among others (see Science Careers, p. 390). 

These valuable programs serve multiple purposes, most obviously allowing scien- 

tists and engineers to explore possible careers outside of academia and industry. After 
fellows complete such programs, they return home and share their experiences. Thus, 
a single fellow can provide an entire academic department with a broader view of 
career paths. Working with a science fellow can also make an organization or govern 
mentagency aware of the advantages of hiring full-time staff with scientific talentsand 
connections, permanently increasing its scientific capabilities 

‘The several thousand past participants in these fellowship programs are 
engaged in various pursuits. Many are research scientists, but others have entered 
careers in policy, science education, journalism, and environmental protection, 
among others. Exemplars include physicists Rush Holt, a U.S. congressman, and 
E. William Colglazier, the chief of staff at the National Academies. Scientists in such non- 
traditional careers are invaluable as two-way interpreters: people who can readily bring the 
benefits of scientific analysis to their institution or profession, as well as help traditional sci 
entists better understand how their science might contribute in new ways. Even a single such 
individual can make a huge difference. 

‘There would therefore be many advantages to expanding these types of opportunities. 
Perhaps the simplest way would be through new short-term programs that allow fellows to 
sample a career in government, pre-college education, nongovernmental organizations, the 
‘media, or industry. If offered fora period of 4 months or so, such fellowships could be accom- 
‘modated as temporary excursions from traditional career paths. Minimal stipends could cover 
living costs, as is done for some other fellowship programs, with groups of fellows being men- 
tored by professional staff. 

‘More ambitious would be a new type of graduate program for scientists, with a branching set 
of options afer the first or second year. Although many students would continue to pursue the 
standard research path, other options would specifically prepare a student to become a profes- 
sional policy analyst, a science education researcher, a science-oriented journalist, ora science 
curriculum specialist in a school district, for example. Although there are good stand-alone 
programs leading to some of these careers, most remain unconnected to standard science PhD. 
programs and are of limited capacity. 

Developing new, integrated programs will require that partnerships be forged with other 
‘organizations; these could be established regionally to involve students from different universi- 
ties. They can be viewed as the next logical step from programs such as the U.S. National Science 
Foundation (NSF) Graduate Teaching Fellows, which enables graduate students in science, 
technology, engineering, or math to broaden their training through extensive interactions with 
‘young students and their teachers. 

According to NSE, there are more than 45,000 postdoctoral fellows in the natural and social 
sciences in the United States alone. Many will gather in Boston next week at the National Post- 
doctoral Association's Annual Meeting. They and the tens of thousands of graduate students just 
behind them in the pipeline represent a tremendous resource for the future. It is good news that a 
surprising percentage are interested in using their science training in nontraditional ways. Those 
of us who are their mentors must help them do so. Bruce Alberts 
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@abbing ithe Chesdpeake 


As the state crustacean of Maryland, the blue crab (Collinectes sapidus) is dear to the hearts 
and stomachs (and wallets) of many residents. The commercial crabbing season opened just 
a few weeks ago, and pessimistic forecasts for the size of this year’s harvest have led to draft 
proposals that more stringent protection of adult females be implemented. Kamio et al 
describe a laboratory study of the courtship behavior of the male blue crab and interpret it 
as an adaptation to their environment. They observed that upon being presented with an 
inaccessible female (corralled by plastic mesh), male crabs spread their chelae (the first pair 
of legs in a decapod crustacean, commonly referred to as claws in crabs and lobsters) and 
elevated their swimming legs (the last pair of legs) into 2 dorso-medial position. When in this 
stance, the males paddled their swimming legs circularly and 180° out of phase. Particle 
imaging velocimetry revealed a forward-directed flow of water traveling at an average speed 
of 3 cm, The authors suggest that the marshy habitat of the Chesapeake Bay allows female 
crabs to avoid predators while signaling their presence by pheromone; the males have 
adopted courtship paddling as a means of wafting their own chemical lures toward unseen 
females in order to coax them into open water. — GJC 


J Exp. Biol. 212, 1243 (2008). 


puysies 
Probing Non-Standard Charges 


The Standard Model of particle physics 
describes three of the four fundamental forces, 
detailing the strengths of interactions among 
the protons, electrons, and neutrons that make 
up atoms, as well as the family of quarks that in 
tum make up these particles, The framework 


effort is directed toward exploring this 
regime, with some work suggesting that 
the notion of charge quantization and 
charge neutrality should be aban- 
ddoned. In efforts to detect the minis- 
cule charges that could explain the 
broken symmetries, Arvanitaki et af. 
describe a sensitive method for detect- 
ing charge on an atom based on the 


dives rise to charge quantization, as measured 
in discrete units of electron charge e, and also 
the charge neutrality of atoms. However, the 
violation of certain symmetries that describe 
the underlying physics of all these forces—as is 
evident from the dominance of matter over 
antimatter in the universe— indicates that there 
is something happening beyond the Standard 
Model. Much theoretical and experimental 


interference of atom waves. They argue that 
during splitting and recombination of a con- 
densed cloud of rubidium atoms, a departure 
from charge neutrality of as little as 10-2 e 
should be detectable as a phase shift in the 
interfering atom waves, This cold atom 
approach may provide an alternate route to 
looking beyond the Standard Model. — 1SO 
Py Re. tett. 100, 120407 (2008). 


cuemistey 
Taking the Heat 


Ceramics are often prepared by heating struc- 
tually well-defined molecular or polymeric pre~ 
‘cursors to very high temperatures; in the process, 
peripheral hydrogen and halide 00 atoms are 
expelled as HX gases, and the severed bonds of 
the remaining slid rearrange into a rigid network 
that lends the material stability. When prepared in 
this manner, the amorphous ceramic SiBNC shows 
impressive esistance against thermal or oxidative 
degradation, Somewhat surprising is the key con- 
tribution of carbon, which traditionally segregates 
from nitrogen during pyrolysis, Sehlleer et al. 
‘monitored the fate ofthe carbon precursor 
(methylamine) during the synthesis ofthis mate- 
rial, and found strong evidence that in this case, 
CN bonds remain intact even at 1400°C. Their 
study relied on double isotopic labeling (Cand 
*N) of the precursor and subsequent analysis of 
‘the ceramic by solid-state nuclear magnetic reso- 
‘nance spectroscopy. Application ofthe rotational 
echo double-resonance technique revealed the 
distribution of bonding distances between the two 
labeled nuclei and suggested some degree of 
‘multiple bonding through x overlap. — JSY 
‘Angew. Chemin. Ed. 47, 
10.1002/anie.200705786 (2008). 


CELL B1oLoGY 
Divide and Rule 


Intracellular cholesterol metabolism is controlled 
by sterol regulatory element-binding proteins 
(SREBPS), which are stored in an inactive mem 
brane-bound form within the endoplasmic reticu- 
lum (ER) compartment via an 
interaction with ER-restricted 
sterol sensors. When the 
level of cellular sterols is 
depleted, the sensors 
let go of the SREBPs, 
which are then trans- 


Colocalization 
(yellow) of S1P in 
the Golgi. 


ported to the Golgi complex, where they are 
cleaved by site-1 protease (S1P). This cleavage 
liberates the transcription factor domain from the 
‘membrane, and it then enters the nucleus and 
activates the expression of genes involved in 
sterol and phospholipid metabolism. During inter- 
phase, like many Golgi proteins, S1P cycles 
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between the ER and the Golgi complex, and when 
ER and Golgi membranes merge, for example 
after treatment with the drug brefeldin A, SREBP 
cleavage is activated. During mitosis, the Golgi 
disassembles, and some evidence suggests that a 
fraction ofthe Golgi and ER membranes merge; 
0 how then can the cell avoid inadvertently 
activating SREBPs? Bart et af. shows that during 
mitosis, S1P and SREBF reside in separate com- 
partments: SREBP remains trapped in the ER, and 
SAP is sequestered in the clustered remnants of 
the disassembled Golgi. — SMH 

EMBO J.27, 948 (2008). 


cuemistey 
Epoxide Exfoliants 


The graphite form of carbon consists of strongly 
bonded two-dimensional sheets stacked relatively 
loosely on top of each other. One approach for 
separating 
graphite into 
these individual 
‘graphene sheets 
or muttilayers—a 
morphology with 
broadly useful 
emerging elec- 
‘tonic proper- 
ties—involves 
preliminary oxidization, Solid-state nuclear mag- 
netic resonance studies suggested that the major 
oxidation product is an epoxide, similar to the 
product formed upon oxidizing single-walled car- 
bon nanotubes. Chattopadhyay et af. have 
obtained Raman spectral evidence for epoxide 
formation on graphite, and could furthermore 
(quantify the extent ofthe reaction by methyitri- 


EDITORS'CHOICE 


‘oxorhenium-catalzed transfer ofthe oxygen 
atoms to triphenylphosphine, a reaction pathway 
specific to epoxides. They also imaged functional- 
ization of individual flakes using high-resolution 
transmission electron microscopy and scanning 
tunneling microscopy. The reduced and oxidized 
forms showed similar basal plane roughness, 
‘which suggests that epoxidation occurs mainly at 
edge sites. — PDS 

Am. Chem. Soc. 130, 10:1071/)37110631 (2008), 


GEMerics 
Y not X? 


In mammals, a disproportionately high number 
‘of genes from the X chromosome have been 
moved, via transposable elements, to the auto- 
somes. By examining all retrotranspased genes in 
three placental and one marsupial mammal, 
Potrzeboreski et al. have found that only a subset 
of these genes, the majority originating from the 
X chromosome, have retained their functions. 
In mice, most of the relocated genes originating 
from the X chromosome are specifically expressed 
inthe testes, while those originating from other 
chromosomes are expressed broadly. The move- 
ment is due to.a process known as meiatic sex 
chromosome inactivation, where replicated genes 
take over the function of their X-linked parents, 
which are silenced during meiosis. On the basis 
of these results, the authors hypothesize that the 
“origin of these meiotic retrogenes dates to the 
divergence of the placental and marsupial mam- 
mals. Because meiotic X inactivation reflects the 
differentiation of the X and ¥ chromosomes, these 
chromosomes may be younger than previously 
suggested. — MZ 

PLoS Biol 6, €80 (2008) 


Science Signaling << Sirtuin to Become Astrocytes 


Although neural progenitor cells (NPCS) can differen- 
tiate into neurons, astrocytes, or oligodendrocytes, 
brain injury stimulates the production of astrocytes in 
preference to neurons. Noting that some neurological diseases are associated with inflammation 
‘and oxidative conditions, Prozorovski etal. investigated the effects of redox state on NPC differen 
tiation. The fraction of cultured NPCs that differentiated into astrocytes was larger under oxidative 
conditions, whereas the fraction that differentiated into neurons was smaller. Conversely, NPCs 
cultured under reducing conditions were more likely to differentiate into neurons and less likely to 
differentiate into astrocytes, The amount of the histone deacetylase Sirtuin2 (Sirt1) was increased 
in NPCs cultured under oxidative conditions, and Sift knockdown blocked the effects of oxidation 
‘on differentiation. Oxidative conditions promoted the association of Sirt1 with the transcription 
factor Hes and decreased the expression of Atash7, which encodes @ neurogenic transcription fac- 
tor. Mouse pups injected with a pro-oxidant showed an increase in Sirt in a germinal region of the 
brain, along with a decrease in neurogenesis; in utero knockdown of SirtZ increased neurogenesis, 
in such oxidant-treated pups. Thus, the authors conclude that nontaxic manipulation of redox con- 
ditions can influence NPC fate, and that Sirt plays a critical role. — EMA 
Wat 


Biot. 10, 385 (2008). 
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Facilitate rare gene 
fishing 


cDNA NORMALIZATION 
Service and Kits 


Evrogen cDNA novmalization decreases the 
prevalence of highly abundant genes and 
equalizes transcript concentrations in a cDNA 
population. This greatly increases the 
efficiency of transcriptome analysis and 
functional screenings of cDNA libraries, 
Evrogen Trimmer kits allow normalization of 
full-length-enriched cDNA for either 
directional or nondirectional cloning of a 
CDNA library 

Custom cDNA normalization and library 
construction service is available. 


ceca 


‘ypical CDNA normalization result. 
(A) Agarose gel electrophoresis of cDNA samples; 
(®) Virtual Northern blot analysis of abundant 
transcripts in these cDNA samples; 

(©) Sequencing of randomly picked clones: biack 
‘columns - unique, white columns - non-unique, grey 
columns - all sequences. 1 - non-normalized cONA; 
2+ normalized :DNA. M- 1 Kb ONA Sze marie. 
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Evrogen JSC, Moscow, Russia 
Tet +7(495) 336 6388 

Fax: #71495) 429 8520 

E mait evrogenstevrogen.zom 
‘Web ste: www.evrogen.com 
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ters used to depict racing horses with both pairs of legs out- 
stretched. Then in the 1870s, British photographer Eadweard 
Muybridge became the first to show how horses really run by setting 
Lupa tow of cameras that snapped as.a horse galloped past. In this gait, 


all four feet leave the ground only as the horse gathers itself for the 
next stretch—the opposite of what artists imagined. The photos are 
part of a major exhibit on the horse opening on 17 May at New York 
City’s American Museum of Natural History ) 


Seeing Stars in Chile 


European stargazers have bad and good news. 
Some European telescopes at the La Silla 
Observatory will be shut dow to save money. 
But another European observatory in Chile is 
seeing new kinds of stars—from Hollywood. 

At Lalla, a 2.2-meter telescope will be 
decommissioned after next year, and visiting 
scientists will no longer have access to the 
3.6-meter scope as it moves full-time into a 
planet-hunting project called HARPS. Some 
astronomers are grumbling. “Some of the 
instruments at La Silla cast peanuts to keep 
operational,” says Christiaan Sterken of the 
Free University of Brussels, Belgium. The tele- 
scopes may be small, but they are needed for 
fields such as asteraseismology, he says, and 
for training young astronomers. 

Meanie, asi to rub itn, James Bond 
actor Daniel Craig visited the observatory at 
Cerro Paranal, home to the quadruple 8.2-meter 
‘Very Large Telescope. A300-person film cress 
spent 4 days there shooting scenes forthe film 
Quantum of Solace. The spacy-looking residence 
building was chosen “both for its exceptional 
design and its remote location in the Atacama 
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Desert,” says 
Michael Wilson, a 
producer. tis “the 
perfect hideout for 
our villain.” 

Sowill proceeds 
from moviemaking 
be the answer for 
telescopes that are 
down on their luck? 
Apparently not. 
Andreas Kaufer, 
director of the Paranal Observatory, says the 
film company compensated them for extra 
‘expenses “but not much mare.” 


Orcas and Oil | 


Nearly 2 decades have passed since the Exxon 
Vaider spilled 42 million liters of crude oil 
into Alaska’s Prince William Sound. But the 
effects are still reverberating among the local 
killer whales. 

Marine biologist Craig Matkin of the North 
Gulf Oceanic Society in Homer, Alaska, and 
colleagues collected data—including individ- | 
tal photo 1Ds—on two genetically distinct 


Villain’s hideout—the 
residencia at Atacama. | 


AQUATIC COUSINS 


the National Academy of Sciences. 


whale groups for 5 years before the 
spill. When it occurred, one group 
(AT) was photographed swimming 
in oil less than 24 hours later; the 
‘other (AB) was spotted in aly 
waters 6 days later. 

When killer whales disappear 
from a pod for more than a year, 
they are presumed dead. In the first 
year after the spill, the AB group 
lost 14 ofits 36 members, and its birthrate 
plummeted. The AT1 group plunged from 22 to 
13, “The whales that surfaced in the oil proba- 
bly suffered irreparable damage to their 
lungs,” says Matkin; others were harmed by 
eating oily seals and sea lions. 

Neither group has recovered, although the 
AB pod is slowly increasing its numbers, the sci- 
etists reported last month in Marine Ecology 
Progress Series. However, the AT1 group has 
shrunk to seven and “will probably go extinct,” 
says Matkin, because the surviving adults may 
be too closely related to mate. 

It'sa sad tale but “a great paper that shows 
the value of long-term studies,” says John 
Durban, a marine mammalogist at the Center for 
Whale Research in Friday Harbor, Washington, 


Elephants, sea cows, and hyrakes make an odd family photo, but they are one another's 
closes living relatives. A new study of fossil teeth indicates that, 37 million years ago, at 
least two members ofthe elephant clan stil spent most of their time in the water. 
‘Analyzing the stable isotope ratios in the tooth enamel of two fossilized elephant 
cousins from Egypt (see drawing), a team led by paleobiology Ph.D. student Alexander 
Liu of the University of Oxford in the U.K. found that the carbon and axygen compo- 
sition of the teeth was much nearer that of modern-day aquatic mammals than that 
of terrestrial ones. They reported their findings online last week in the Proceedings of 


‘The authors “have a powerful set of methods and a powerful framework now,” says 
paleontologist William Sanders of the University of Michigan, Ann Arbor, who says he 
hopes they will apply the same techniques to reveal the lifestyle of 60-million-year- 


ld fossils that may be ancestral to both elephants and sea cows. 
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<< Slice of Life 


ALONG WAIT. In 1964, Peter Higgs proposed a theory to explain why fundamen- 
tal particles have mass, predicting the existence of a new particle that came to be 
knownas the Higgs boson. Earlier this month, the now-retired physicist ventured 
out of his home in Edinburgh to visit the machine that he hopes will prove him 
right: the Large Hadron Collider (LHC) at the CERN particle physics lab near 
Geneva, Switzerland. Higgs told reporters that he hopes LHC, which goes online 
this summer, will have confirmed his theory before his 80th birthday in May 
2009. [fnot, he joked, “I'll ust have to ask my [general practitioner] to keep me 
alive a bit longer’ 

Paul Collier, CERN'S group leader for beam operations, says Higgs “was quite 
impressed by the nitty-gritty of all the material that makes up a particle accelerator” 
He adds that, amid all the hectic preparations, its easy to lose sight of the overall 
goal. “With Peter there, it reminded me why we're doing it” 

The $6 billion LHC, built ina 27-kilometer-long tunnel that straddles the Swiss 
French border, will smash together beams of protons with enough energy to match 
the conditions that existed moments after the big bang. Physicists expect to leam 
‘more about the fiandamental nature of particles and forces, even if they do not find 
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IN PRINT 

READING, CRITICALLY. A prominent pub- 
lisher of U.S. textbooks is reviewing sections 
‘on global warming in 
a public policy text- 
bookaftera high 
school student com- 
plained that it 
ignores the strong 
scientific consensus 
con the topic. Matthew 
LaClair,a senior at 
Kearney High School 
in New Jersey, 
objected to the asser- 
tion in the 2006 edition of American 
Government: Institutions and Policies that 
“science doesn’t know whether we are experi- 
encing a dangerous level of global warming or 
how bad the greenhouse effect is, if it exists at 
all." The Houghton Mifflin textbook contrasts 


kd mer, and JLab’s 2008 budget has collider on the 24-year-old lab’s 
‘AGOOD BASELINE. When Hugh rebounded aftersome very lean 8 1-hectare campus or perhaps 
“mont” Montgomery, 60, takes _years—which looks good com- expanding its free-electron laser 
the helm at the Thomas Jefferson pared with the shutdowns and lay for materials sciences. More 


National Accelerator Facility (Lab) 
in Newport News, Virginia, in 


September, he'llinherit facility Ilinois, where Montgomery has Richard makes the U.S. Olympic 
that’s doing better than most been associate director for rowing team. “There's a slight 
U.S, Department of Energy research for the past 6 years. chance they'll qualify for 


National labs. Construction on an 
upgrade to Lab's main accelera- 


tors scheduled to start this sum- 


offs at the Fermi National 
Accelerator Laboratory in Batavia, 


Looking down the road, 
‘Montgomery sees the possibility 


the Higgs boson. 


concerns of “activist scientists” about global 
warming with observations by “skeptics.” 

LaChair tipped off the Center for Inquiry, an 
‘Amherst, New York, group that fights for the 
separation of church and state, which polled 
James Hansen, director of NASA's Goddard 
Institute for Space Studies in New York City, 
and other top climate researchers. The scien- 
tists found several statements that were “pro- 
foundly mistaken in ways that will mislead 
students about the facts and science of global 
warming,” Hansen wrote last month in a letter 
tothe publisher. The latest edition of the 
book, which came out before the center issued 
a press release about it last week, does not 
contain the statement questioning the exis- 
tence of warming. But other sections to which 
the scientists objected are stil init. “Global 
warming is virtually unequivocal,” says 
LaClair. “It’s vitally important that students 
get this knowledge.” 


do, I'l be there.” 


of building an electron-ion 


immediately, he’s leaving the 
summer open in case son 


Beijing,” he says. “And if they 


AWARDS 

Stanford University developmental biologist 
Philip Beachy and Harvard University geneti- 
cist Clifford Tabin have won the March of 
Dimes Prize in Developmental Biology for 
their contributions to the understanding of 
how hedgehog genes guide an embryo’s 
development. They will share $250,000. 


Terence Tao, a mathematics professor at the 
University of California, Los Angeles (UCLA), is 
the winner ofthis year’s Alan T. Waterman Award 
from the U.S. National Science Foundation. The 
prize recognizes outstanding scientists under the 
‘age of 35. Tao is 32 and has been on UCLA's fac- 
ulty fr the past 12 years. The 3-year, $500,000 
award isin honor of his contributions to the 
areas of partial differential equations, combina- 
torics, number theory, and harmonic analysis. 


ws 
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CLIMATE CHANGE 


IPCC Tunes Up for Its Next Report 
Aiming for Better, Timely Results 


‘The international team of climate change sci- 
entists that produced an influential series of 
reports last year—and won the 2007 Nobel 
Peace Prize—will be doing things a little dif- 
ferently in the future. Government delegatesto 
the Intergovernmental Panel on Climate 
Change (IPCC), meeting last week in 
Budapest, Hungary, approved a plan for the 
20-year, 100-nation enterprise that would gen- 
erate more preciseand relevant information on 
climate change—without taking any longer 
than the current 6-year gap between reports 
‘To do so, the delegates endorsed procedural 
changes that scientists had proposed to 
streamline the process, 

Having heard persuasively in succes- 
sive IPCC reports that human- 
induced climate change is real, 
governments now want more 
information on what those 
impacts will be and how the 
world might begin to curb 
emissions of greenhouse 
gases. But scientists say the 
process used to generate the 
previous four reports can’t 
deliver the additional detail and 
greater certainty that policymak- 
ers crave in the same 6-year time 
frame. Rejecting a proposal for an interim 
report in 4 years and a final report in 8 years, 
the delegates instead agreed to modify the 
process itself to achieve the desired results. 

‘The first change would ditch the practice 
of prescribing the scenarios of economic and 
technological progress driving future green- 
house gas emissions that researchers should 
incorporate into their modeling, the first step 
in the process. Delegates also backed the idea 
of having the communities that correspond to 
the panel's three working groups on the sci- 
ence of climate change, its impacts, and miti- 
gation strategies develop their studies in paral- 
lefrather than sequentially. Scientists say these 
changes will reduce the level of uncertainty in 
their findings, deliver more regional details, 
and provide policymakers with better clues on 
how to curb climate change—without length- 


ening the time from start to finish. The new 
regime “will expedite and improve the 
process,” says Richard Moss of the World 
Wildlife Fund, who helped coordinate the 
effort for IPCC. 

“We're going along with the community,” 
says Harlan Watson, head of the US. delega- 
tion, explaining that the new procedures will 
“let the science drive the process.” Scientists 
who feared more drastic measures seem 
pleased with the tweaks to the system. “The 
overarching sense was ifitain'tbroke don't fix 
ity” says ecosystem modeler Kathy Hibbard of 
the National Center for Atmospheric Research 
(NCAR) in Boulder, Colorado, who attended 

asanobserver. The new structure lays out 


Homing in. Scientists hope to improve 
the geographic resolution of global 
climate models, shown here in old 
eft) and new models from the 
National Center for Atmos: 
pheric Research. 


a 


> 


“a rigorous and deliberate approach, taking 
the time required” says NCAR atmospheric 
chemistand US. delegate Susan Solomon. 
‘The 40 emissions scenarios used in model- 
ing studies cited by last year’s [PCC reports 
employed outdated assumptions about popu- 
lation growth, energy use, and emerging emis- 
sions-reducing strategies, experts say. “For 
example, nobody thought seriously about stor- 


Bloodletting ata 
medical journal 


ing carbon under the ground” says Tom Kram 
of the Netherlands Environmental Assessment 
Agency. To correct that problem, IPCC spon- 
sored a series of workshops over the past 
2 years in which the community chose four 
scenarios from published papers that span a 
range of possible economic and technological 
futures. The most carbon-intensive scenario 
foresees population and economic growth 
driving atmospheric carbon dioxide levels to 
1370 parts per million (pm) by 2100. That’: 
more than three times the current level of 380. 
The rosiest scenario has them cresting at 
490 ppm before declining. 

Starting with only four pathways should 
actually generate better data, according to 
researchers. With fewer total emissions sce~ 
narios to model, scientists will be able to do 
more runs on the same scenarios. That allows 
so-called ensembles in which models are 
repeatedly run with nearly identical starting 
conditions, yielding trends and reducing 
uncertainty. Delegates in Budapest also 
endorsed running climate models out to 2035 
{in addition to continuing the century-long pro- 
Jjections. The computing power saved by mod- 
eling shorter time periods will allow scientists 
to get results on smaller geographic grids, giv- 
ing more local details. “The focus will be on 
regional climate change and extremes,” says 
NCAR’ Gerald Meehl. 

‘The new process is expected to foster 
greater collaboration, says Hibbard, describ- 
ing the previous regime as one of “toss your 
data over the fence and see ya later” Forexam- 
ple, climate modelers would like to know how 
reforestation might affect Earth’s albedo this 
century. But the success of future reforestation 
efforts depends on technological and policy 
changes forecast by economic modelers. Sim- 
ilarly, climate modeling could forecast dam- 
age by drought to agriculture, which scenario 
builders could use to later revise the scenarios 
that underpin the whole enterprise. 

‘The panel will meet again in Septemberin 
Geneva to choose its Jeaders—current IPCC 
chair Rajendra Pachauri wants to stay on and 
enjoys widespread support—and the heads 
of the three working groups. In the mean- 
time, scientists seem to be happy with their 
new marching orders. “This whole thing is 
turning on new steam.” says Hibbard, who 
has already e-mailed details of the IPCC’s 
decisions to a modeling team at NCAR. 

EU KINTISCH 
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GLACIOLOGY 


Carbon-friendly 
synfuels? 


Mapping the 
flu virus 


Greenland Ice lle Away but Not All That Quickly 


Almost 6 years ago, a paper in 
Science warned of an unher- 
alded environmental peril. 
Melted snow and ice seemed to 
be reaching the base of the 
great Greenland ice sheet, 
Tubricating it and accelerating 
the sheet’ slide toward oblivion 
inthe sea, where it was raising 
sea level worldwide (12 July 
2002, p. 218). 

‘Nowa two-pronged study: 
both broader and more focused 
than the one that sounded the 
alarm—has confirmed that 
meltwater reaches the ice 
sheet's base and does indeed 
speed the ice’s seaward flow. 
The good news is that the 
process is more leisurely than 
‘many climate scientists had 
feared. “Is it, ‘Run for the hills, the ice sheet is 
falling in the ocean’?” asks glaciologist 
Richard Alley of Pennsylvania State Univer- 
sity in State College. “No. It matters, but it's 
not huge” The finding should ease concerns 
that Greenland ice could raise sea level a dis- 
astrous meter or more by the end of the cen- 
tury. Experts remain concerned, however, 
because meltwater doesn’t explain why 
Greenland’: rivers of ice have recently surged 
forward (Science, 24 March 2006, p. 1698). 

‘The original paper described work by 
glaciologist Jay Zwally of NASA’ Goddard 
Space Flight Center (GSFC) in Greenbelt, 
Maryland, and colleagues. They noted that 
‘whenever summer warmth swelled, producing 
more meltwater on the ice sheet, the ice 
beneath Swiss Camp—70 kilometers inland 
of the west coast—sped up as much as 28% on 
its 115-meter-per-year creep toward the Davis 
Strait. Presumably, the meltwater disappear- 
ing down tubular chasms called moulins 
somehow reached the ice sheet’ base a kilo- 
meter down and slicked it up, letting the ice 
take off, if only for a couple of months. 

But no one was sure how meltwater man- 
aged the feat or whether the ice acceleration at 
Swiss Camp continued all the way to the sea. 
So glaciologists Ian Joughin of the University 
of Washington's Applied Physics Laboratory 
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in Seattle, Sarah Das of Woods Hole Oceano- 
graphic Institution in Massachusetts, and their 
colleagues took a dual approach to meltwater 
lubrication, as they report in two papers pub- 
shed online this week in Science (www. 
sciencemag org/cgi/rapidpdf/1153288 pdf) 
They took a close look at how lubrication 
works by instrumenting a growing puddle of 
meltwater south of Swiss Camp. For the broad 
view, they went to images made from satellite- 
bore radar that tracked ice sheet movement 
every 24 days across a 425-kilometer-by- 
100-kilometer swath of the west coast, includ- 
ing Swiss Camp. 

‘The meltwater monitoring caught a 
4-kilometer-long, 8-meter-deep lake disap- 
pearing into the ice in an hour and a half. As 
theorists had supposed, once the lake water 
‘was deep enough, its weight began to wedge 
‘open existing cracks, which only increased 
the weight of overlying water on the crack tip 
and accelerated cracking downward. Once 
the main crack reached the bottom of the ice, 
heat from churning water flow melted out 
parts of the fracture, and drainage took off. 
‘The lake disappeared in about 1.4 hours at an 
average rate of 8700 cubic meters per sec- 
ond, exceeding the average flow over 
Niagara Falls. That's almost four Olympic 
pools asecond. 


Down the hatch. Meltwater pouring 
into moulins like this one can lubri 
cate the ice sheet’s base, but the 
ice’s resulting acceleration into the 
sea is modest, 


For all the lake’s water 
dumped under the ice that day 
and all the water drained into 
new moulins in the following 
‘weeks, the ie sheet moved only 
an extra half-meter near the 
drained lake. Das and her col- 
leagues conclude that an 
unknown number of lake 
drainages and new moulins 
account for the acceleration 
reported by Zwally and now 
confirmed more broadly by the 
radar observations, Joughinand 
his colleagues report that in 
August 2006 the ice sheet sped up overa broad 
area by a hefty 48% above its 76-meters-per- 
year mean speed as melt lakes grew—and dis- 
appeared —under summer warmth. 

‘The good news came toward the coast, 
where the ice speeds up as the flow narrows 
into a few outlet glaciers that deliver the ice to 
the sea. Those glaciers moved only 9% faster 
than normal in August of 2006. “Meltwater 
does indeed cause substantial speedup” inland 
on the ice sheet, says Joughin, “but it has a 
‘small effect on outlet glaciers.” That may be 
because the beds on which outlet glaciers slide 
are already smooth and well lubricated year- 
round, the group speculates. Allin all, melt- 
‘water lubrication “likely will have a substantive 
but not catastrophic effect on the Greenland 
Ice Sheet’s future evolution,” the group writes. 

Alley agrees. “Could things go two times 
faster [due to meltwater] than we thought 
10 years ago?” he asks. “Yes. They can go 
faster but not ridiculously faster” The danger 
now, wams glaciologist Robert Bindschadler 
of GSFC, is “falling into the same ‘We now 
know how ice sheets work’ trap that my gener- 
ation was guilty of S years ago.” After all, 
some of Greenland’s outlet glaciers began gal- 
loping to the sea in recent years. If not melt- 
water, what set them off? 

RICHARD A. KERR 
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ARCHAEOLOGY 


Team Unveils Mideast Archaeology Peace Plan 


Last week in Jerusalem, a small team of 
Americans, Israelis, and Palestinians pre- 
sented a peace plan for the Holy Land’s 
archaeological riches. Afier secretly meeting 
in different countries over the past 5 years, the 
eight archaeologists offered their view on the 
fate of thousands of artifacts and sacred sites. 
‘Theiraim is to remove the divisive issue from 
negotiations over Palestine's Future as an inde- 
pendent state 

But whether their hard work will pay off is 
anyone's guess. “I am doubtful that an unoffi- 
cial document drawn up by some well-mean- 
ing archaeologists will make any difference,” 
sys Patrick Daly, an archaeologist at the Asia 
Research Institute in Singapore who has been 
visiting faculty at An-Najah National Univer- 
sity in Nablus in the West Bank. 

‘At the heart of the controversy is the ques- 
tion of what should be done with material 


waiting Tor peace. 


“The Temple fount will 
atthe epicenter of a 
fe" Heri 
in Jerusalem, 


removed from the Palestinian West Bank terri 
tory since the 1967 Arab-Israeli War. During 
decades of settlement building, the Israeli 
Antiquities Authority (IAA) has uncovered 
and removed artifacts including coins from the 
Crusades and stone tools from the Paleolithic. 

‘When—and if—a Palestinian state is created, 
the question will become whether some or all 
of those objects, most now stored in Israeli 
‘museums and warehouses, will be repatriated. 
Another contentious issue is who will maintain 
and control access to religious sites on either 
side of the border, particularly in and around 
Jerusalem, a city claimed by both sides. These 
issues area “major hurdle for peace.” says Ran 
Boytner, an Ismeli-born archaeologist at the 
University of California, Los Angeles (UCLA) 


So starting 5 years ago, Boytner and Lynn 
‘Swartz Dodd an archaeologist at the Univer- 
sity of Southern California (USC) in Los 
Angeles, quietly assembled a team of Israeli 
and Palestinian colleagues. “People who par- 
ticipated did so at great risk,” says Boytner. 
Israeli academics collaborating with Palestini- 
ans, and vice versa, are offen viewed as trai- 
tors, he says, and losing one’s job—or life—is 
a real possibility. Most of the team made their 
names public last week. But one of the three 
Israelis and one of the three Palestinians 
remain anonymous. 

The meetings were initially held in 
jenna—“neutral” ground, says Dodd—then 
in Southampton, UK., and finally in 
Jerusalem. Expenses were covered by a 
$150,000 fund created by USC, UCLA, the 
‘Washington, D.C.-based United States Insti- 
tute for Peace, and other donors. Despite 


offen tense negotiations —professional facil- 
itators were brought in several times to keep 
the process going—the team grew intimate. 
“Our meetings usually included at least one 
recent-pictures-of-kids swap.” Dodd says. 
“It’sprobably no accident that all participants 
are parents who are thinking toward their 
children’s futures.” 

The first challenge was to account for 
“tens of thousands of artifacts” and nearly 
(6000 sites, says David Ilan, one of the Israeli 
participants who directs the Nelson Glueck 
‘School of Biblical Archaeology in Jerusalem. 
“Given construction activities in the West 
Bank, including the building of the separa- 
tion fence, new [archaeological] sites are dis- 
covered there almost daily.” says team mem- 


ber Raphael Greenberg of Tel Aviv Univer- 
sity in Israel. 

‘Records from West Bank excavations were 

hard to come by. After being rebuffed by IAA, 
Greenberg sued and won a cout injunction to 
obtain the data. “This filled in many gaps,” 
sys Ilan. Boytner says all the data “will soon 
bemade available tothe publi.” (IAA declined 
tocomment) 
The team’s plan calls for a protective 
jeritage Zone” around the oldest part of 
Jerusalem, extending tothe city’ 10th century 
boundaries. Archaeological sites in the zone 
would be accessible to anyone, and any 
research would have to be done with full trans- 
parency. The plan also recommends the repa- 
tration of all artifacts found since 1967 to the 
state in which they were unearthed—essen- 
tially a one-way transfer from Israel to Pales- 
tine. To house all the material returned to the 
Palestinian side, new museums and conserva- 
tion laboratories would be created. Exactly 
‘who would construct the facilities isnot spelled 
out, but Katharina Galor, an archaeologist at 
Brown University who is “not very optimistic” 
forthe plan’ future, estimates the cost at “mil- 
Jions if not billions of dollars.” 

About 50 Israeli archaeologists, including 
IAA officials, showed up on & April in 
Jerusalem to hear the US. and Israeli part of 
the team make their case, says Boytner. 
(No Palestinians attended ) flan was prepared 
for the worst but says “surprisingly, the over- 
‘whelming response was positive and congratu- 
latory. Not a single person spoke against the 
document.” The consensus was that “this 
process should continue,” says audience mem- 
ber Hanan Eshel of Bar-Ilan University in 
Ramat-Gan, Israel. The buzz at the meeting 
‘was thatthe team’s anonymous Israeli member 
isan LAA archaeologist. “We will not com- 
ment,” says Boytner. 

A follow-up meeting is being planned for 
the Israeli side. Among Palestinians, there is 
broad support but also those who “do not want 
to involve Israel whatsoever in a future Pales- 
tinian state," says team member Ghattas Sayej, 
am archaeologist with the Palestinian Associ 
tion for Cultural Exchange in Ramallah, the 
‘West Bank. The effort to convince Palestinian 
archaeologists to formally ratify the plan is 
being led by team member Nazmi el-Jubeh, 
co-director of RIWAQ, anarchitectural conser- 
‘ation organization in Ramallah. 

‘And after that? “It up to our politicians,” 
says Saye). “The plan is there!" 

“JOHN BOHANNON 
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INTERNATIONAL AID 


As Food Prices Rise, U.S. Support 
For Agricultural Centers Wilts 


A recent spike in wholesale and market 
prices for rice, wheat, and maize has 
touched off food riots and prompted coun- 
tries with surpluses to impose restrictions 
on grain exports. Food importers are ina 
panic, and relief organizations are warning 
of apending calamity. Inresponse, US. Pres- 
ident George W. Bush earlier this week 
ordered up $200 million in emergency food 
aid. Behind the scenes, however, researchers 
charge that the US. government is moving 
to slash funding for international agricul- 
tural research. 

“You couldn’t ask for worse timing,” 
says Robert Zeigler, director general of the 
International Rice Research Institute (IRI) 
in Los Baftos, Philippines. “Part of the rea- 
son we're having this deterioration of the 
global agricultural situation is that there has 
been a steady erosion of support for 
research.” IRRI has put a freeze on hiring 
and is holding back on planned research 
investments until the budget is confirmed. 

Last week, several concerned scientists 
circulated an online petition seeking to 
‘reverse cuts to research funds they say are 
being planned by the U.S. Agency for Inter- 
national Development (USAID), calling 
them “unacceptable mistakes that will dam- 
age worldwide food production for many 
years to come.” The group argues that inter- 
national agricultural research should be 
expanding. “Restoring [support] isn’t really 
enough; this should be an area of major 
growth,” says Jeffrey Bennetzen, a plant 
geneticist at the University of Georgia, 
Athens, and a petition organizer. 

In 2006, USAID provided about $56 mil- 

2 lion to a network of 15 centers around the 
§ world called the Consultative Group on 
§ International Agricultural Research, or 
5 about 12% of CGIAR's budget. According 
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to CGIAR spokesperson Fionna Douglas, 
USAID officials wamed in February of a 
strong likelihood of “a huge cut” in fund- 
ing this year. CGIAR later learned it could 
be as much as 75%; the final figure is still 
being determined. Douglas says they've 
been told that the 2008 USAID budget 
includes extensive earmarks requiring 
funding to be directed primarily to health 
issues, leaving little for agriculture. USAID 
officials did not respond to requests for 
details on CGIAR funding charges. 

In the meantime, a perfect storm is 
brewing. Across the developing world, 
farmland and water for irrigation have been 
lost to urban development and industrial- 
ization. Grains are being diverted to feed 
livestock to meet rising demand for meat 
and to make biofuels. Droughts in Asia and 
Australia have severely curtailed grain pro- 
duction. And productivity has stagnated, 
says Zeigler, due to cuts in agricultural 
research in the 1990s. 

‘The result is a steady rise in grain prices. 
On 20 March, the U.N.’s World Food 
Programme issued an appeal for help in 
covering a $300 million shortfall in its 
$2.9 billion budget this year to feed 73 mil- 
lion people in 78 countries. In the 3 weeks 
since, food prices shot up another 20%. 
“You could see the train wreck coming for 
years,” says Zeigler. 

Bennetzen and his colleagues plan to 
send their petition (www.ipetitions.com/ 
petition/egair support), which has garnered 
‘more than 600 signatures, to key members 
of the US. Congress and USAID adminis- 
trators. With recent headlines drawing atten- 
tion to the food crisis, says Bennetzen, 
“I don't think it should be difficult to com- 
‘municate that it’s a desperate situation.” 

~DENNIS NORAUILE 
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Come Get Your Stem Cells 


BERLIN—Scientists in Germany will soon 
have more human embryonic stem (ES) cell 
lines available for their research. On 11 April, 
lawmakers voted 346 to 228 to allow them to 
‘work with cells derived before 1 May 2007, 
‘Germany's embryo protection law makes it 
illegal to derive human ES cells, and previ- 
‘ously German scientists were only allowed to 
‘work with imported human ES cells that had 
been derived before 2 January 2002, The new 
law means that more than 500 cell lines are 
‘now legal for import instead of just 22. It also 
clarifies that German researchers working 
abroad will not be prosecuted for working 
‘with cell fines that are illegal in Germany. 
Developmental biologist Hans Schiler of the 
‘Max Planck Institute for Molecular Biomedi- 
cine in Minster says the wider choice is 
important because different ES cell lines have 
different properties. it will aso make interna- 
tional collaborations much easier, he says. 
~GRETCHEN VOGEL 


Institute Called a 
Troubled Environment 


‘Anew National Institutes of Health (NIH) 
report identifies several problems with the 
‘way the National Institute of Environmental 
Health Sciences (NIEHS) functioned before 
Director David Schwartz resigned in February. 
Last year, a Senate investigation raised conflict 
‘of-interest issues about his consulting for law 
firms, overspending his personal lab budget, 
and collaborating with Duke University, his 
former employer. Schwartz agreed to step 
aside in August during a management review 
requested by the House Appropriations Com- 
mittee. Ina 47-page report dated 9 April, the 
NIH Office of Management Assessment found 
that NIEHS officals failed to document why 
they funded 45 grants over 2 years that were 
‘not among the 2500 top-rated proposals, It 
also says that an understaffed ethics office 
‘was unable to read mast conflict-of-nterest 
reports filed by NIEHS scientists, In a rare 
reference to Schwartz, the report says that 
staffers managing his conflicts were put in 
“a very difficult” position because they 
reported to him, 

‘Senator Chuck Grassley (R-1A) complained 
ina letter to NIH that the report ignores the 
fact that NIH Deputy Director Raynard 
Kington, not the NIEHS ethics officials, 
approved Schwartz's ouside activities, 
ington says the suggestion that he broke 
rules is “preposterous.” NIH says other 
reviews of Schwartz's conduct are ongoing, 

“JOCELYN KAISER 
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SCIENTIFIC PUBLISHING 


Croatian Editors Fight With Medical 
School Over Journal's Fate 


At an international meeting on research 
integrity last fall, Ana Marusié spoke on the 
problems facing small journals. Since then, 
the anatomy professor has many more sto- 
ries to tell. She and her husband, Matko 
‘Marusi¢, co-editors-in-chief of the 
Croatian Medical Journal (CMJ), 
areat the center of a controversy that 
threatens their jobs and, observers 
say, the journal’s independence and 
its example of quality scientific pub- 
lishing in countries outside the scien- 
tific mainstream. 

‘The editors—both professors at 
the University of Zagreb Medical 
School, which, along with three other 
Croatian medical schools owns the 
journal—have faced charges of pla- 
giarism and defaming the university. 
‘The Marusis say they are being tar- 
geted for their insistence on research 
ethics and for bringing to light cor- 
ruption and plagiarism in the Croat- 
ian medical community. Their critics, 
primarily academics at the same school, 
charge that it's the editors who are behaving 
uunethically and destroying the trust essential 
for the joumnal’s operation. 

Founded in 1991, CMJwas conceivedasa 
forum for doctors ensnared in the country’s 
civil war to communicate to the outside 
world, Non-Croatian authors were also wel- 
come. From the beginning, says Ana Marusig, 
the goal was to educate scientists from devel- 


REGULATORY SCIENCE 


oping countries on how to communicate their 
‘work better—primarily in English. Available 
for free online, the journal is listed in major 
citation indexes. Ana MaruSi¢ is currently 
president of the Council of Science Editors, 


Under fire. Croatian Medicoi Journal eitors-in-chief Matko and Ana 
Marusit worry about their journal's independence anc their careers 


an international organization of journal edi- 
tors, and.also headed the World Association of 
‘Medical Editors. “Considering the size of the 
country and the resources available, they 
really hit the ground running.” says Mary 
Scheetz, an expert in research ethics and 
scientific publishing at the University of 
Virginia, Charlottesville. “Their journal 
became respected.” 

‘That respect has perhaps contributed to 


Changes to EPA Toxicology—Speed or Delay? 


‘The US. Environmental Protection Agency 
(EPA) has substantially modified the way it 
‘updates a database on chemical hazards that 
influences how chemicals are regulated. The 
‘agency says the changes should make the 
[Process more transparent and more rigorous, 
and speedier. But critics argue that the new 
procedure is more secretive and gives too 
‘much cloutto federal agencies that pollute or 
face massive cleanup costs. One result, they 
say, will be further delays in regulation. 
‘Begun in 1985, the Integrated Risk 
Information System (IRIS) contains EPA 
scientists’ appraisals of the chronic health 
effects of more than 540 chemicals. EPA 


regulators use this information to revise 
drinking water standards, for example, or 
set cleanup levels at Superfund sites. 
“Many states and agencies around the world 
also use the data. “IRIS is the gold stan- 
dard,” says Jennifer Sass of the Natural 
Resources Defense Council (NRDC) in 
‘Washington, D.C. 

IRIS has sometimes been a battle- 
ground. For example, the Department of 
Defense (DOD) criticized the science 
behind EPA's draft IRIS document fora sol- 
vent called trichloroethylene, which con- 
‘taminates many military bases. This 2001 
draft identified stronger evidence of car- 


the editors’ problems. In Croatia, professors 
must publish at least five papers in journals 
indexed in Current Contents to receive pro- 
motions. Because CM/ is the only Croatian 
journal listed in Current Contents, a rejection 
can thwart careers. In part because of that, 
says Davor Solter, director emeritus at the 
‘Max Planck Institute of Immunobiology in 
Freiburg, Germany, and a member of CMI's 
advisory board, the Marusiés “have a lot of 
friends outside Croatia and a lot of enemies 
inside Croatia.” 

‘The MaruSiés say their troubles 
started in 2001 when the journal 
rejected a paper by a Zagreb col- 
league, based on unfavorable 
reviews. They claim their problems 
worsened after a September 2006 
commentary in the British Medical 
Journal (BMJ) detailed two exam- 
ples of plagiarism by Asim Kurjak, a 
prominent gynecologist at the Uni- 
versity of Zagreb. Ana Marusi¢ knew 
the commentary’s author, Tain 
Chalmers, editor of the James Lind 
Library in Oxford, U.K., through 
publishing circles, and she says that 
‘Kurjak and others accused the couple 
of prompting the BMJ article 
Chalmers says a chance conversation 
with a Norwegian researcher prompted him. 
He says he checked some of the facts with 
another Croatian scientist but deliberately 
avoided mentioning it to the Maruiiés 

‘After pressure from the Croatian press, 
Nada CikeS, dean of the Zagreb medical 
school, referred the Kurjak matter to the 
school's Court of Honor. In October, it found 
that Kurjak had behaved unethically, but 
because he had retired a month earlier, the 


cinogenicity and could ultimately force 
DOD to spend billions more cleaning up 
polluted aquifers. Since then, the White 
‘House's Office of Management and Budget 
(OMB) started reviewing all TRIS drafts. 
Many came back with edits that made 
health effects seem more uncertain, says an 
EPA official who asked to remain anony- 
‘mous, whereas other drafts remain in limbo 
at OMB. On average, documents now take 
5.5 years to complete, and the most contro- 
‘versial can stretch to more than a decade. 
Three years ago, EPA Administrator 
Stephen Johnson asked his Office of 
Research and Development (ORD), which 
runs IRIS, to make the process more pre- 
dictable and transparent. Under changes 
announced on 10 April, the public and 
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Impact factor. Started in war, the 
GM] as admirers around the world 


court did not punish him. 
About the same time, CikeS 
also asked the body to look 
into plagiarism charges 
involving Ana Marusi¢. 

In May 2006, an anony- 
mous letter to Croatian 
science ministry and uni- 
versity officials said that 
significant portions of 
a 2002 anatomy text- 
book co-authored by 
Ana Marusi¢ were identical to 
passages in an American textbook. This 
‘month, the Court of Honor issued a “public 
warning” to Ana Marusi¢, It found her 
“responsible for the fact that the textbook 
without providing the source and authors, 
copied and translated English text” 

‘Ana Marusi¢ does not dispute the lack of 
acknowledgement but says she relied on her 
publisher to seek the necessary permission; 
the publisher said it tried several times before 
deciding the American publishers did not 
object. “It was definitely a mistake” not to 
credit the source textbook, she says. 

Matko Marusi¢has also runafoul of uni- 
versity authorities. Even his supporters say 
the editor is an intense person whose 
energy and stubbornness can rankle. Last 
week, a disciplinary hearing was held to 
decide whether comments he made to a 
newspaper about corruption in the Croatian 
scientific community defamed the univer- 
sity. As part of that process, the committee 
asked three university psychiatrists for 
their opinion of Matko Marusi¢’s public 


interested federal agencies now have a 
chance to comment on TRIS early “quali- 
tative” drafts. In an added step, federal 
agencies—but not the public—will get a 
confidential “sneak preview” of the final 
draft before itis sent to peer review. 

DOD says it’s pleased with the 
changes. The early reviews will enable 
DOD to resolve questions of scientific 
uncertainty more quickly and get a head 
start on managing risks, such as by find- 
ing substitute chemicals, predicts Shannon 
Cunniff, who directs DOD’s program on 
emerging contaminants. 

NNRDC’s Sass worries that the added 
review will let federal agencies delay the 
process. She's also concerned that intera- 
gency comments on drafis that were previ- 
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comments and his cor- 
respondence. One of 
them told Science that 
he declined to cooper- 
ate, but Matko wrote to 
the American Psychi- 
atric Association protest- 
ing the school's request. 

‘CMs owners, the deans 
of Croatia’s four medical 
schools, are now consider- 
ing a proposal by Cikes to 
put the journal under their 
direct contro! instead of the 
current eight-member man- 
agement board. CikeS has also 
proposed that CMs editor-in- 
chief be rehired and that anyone who had 
been reprimanded by his or her university 
should be disqualified. Cikes says the 
changes would bring the journal in line with 
governance standards recommended by the 
World Association of Medical Editors. The 
Maruiis have never been formally evaluated 
or elected to their positions, she says. She 
does acknowledge their accomplishments. “T 
am happy and proud that we have sucha good 
journal.” she says. However, she says, the 
‘ongoing disputes have gotten out of hand. 
“The whole thing is immobilizing parts of 
the institution” 

Solter is dismayed by the fight. Given the 
relative success of the journal, the disputes 
seem like a waste of time and energy, Solter 
says: “When all is said and done, they made 
the journal what it is. ... To get that done, 
maybe you have to be a bit obnoxious. The 
journal and its editors should be left alone to 
do their work” 


~GRETCHEN VOGEL 


ously part of the public record will now be 
secret. Cunniff says, however, that DOD 
plans to make public the scientific feedback 
it sends to EPA. And George Gray, who 
heads ORD, emphasizes that the final deci- 
sions on the content of [RIS documents will 
remain in EPA's hands. “Anything we do 

has to be scientifically justified” he says. 
‘Skeptics remain. In statement, Senator 
‘Barbara Boxer (D-CA) called the changes 
“devastating” and announced that the Envi- 
ronment and Public Works Committee, 
which she chairs, plans to conduct an over- 
sight hearing on EPA’s toxics program. In 
addition, the Government Accountability 
Office will shortly release a study she 

requested on political influence on IRIS. 
“ERIK STOKSTAD 
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Obama Questions 
NASA Programs 


Democratic presidential candidate Senator 
Barack Obama (OI) says that NASA “needs 
to be redefined.” That may be cause for space 
scientists to cheer. Answering a question 
111 April from a high school student in Colum- 
bus, Indiana, Obama said he was "a big sup- 
porter of the space program” but that as presi- 
dent he would ask whether the agency should 
emphasize rabotic probes instead of human 
launches, Such probes, he noted, “oftentimes 
are cheaper and less dangerous but yield more 
information.” Obama says he wantsa “major 
debate” on the subject with implications for 
the agency's budget. Earlier this year, Obama 
backed construction of a new human launcher, 
after previously calling for a 5-year delay. 
Meanwhile, NASA decided this week to 
‘extend the Cassini mission in the Satur sys- 
tem by 2 years, The agency planned to shut 
down the spacecraft in July, but an impressive 
flo of data on the planet's moons persuaded 
managers to keep it operating until 2020. 
ANDREW LAWLER 


OPE 


Whole-Genome Studies: 
You Are Wellcome 


British researchers are expanding their search 
for genes involved in common diseases. Over 
the next 2 years, the Wellcome Trust Case 
Control Consortium (WTCCO) will genotype 
120,000 people and probe the data for 
‘genetic markers involved in 25 disorders. 
Last year, the consortium provided some of 
the flood of so-called genome-wide associa- 
tion studies finding genetic markers involved 
in disorders such as heart disease or diabetes. 
‘The consortium’s new £30 million effort, 
funded by its charity namesake, will now study 
the DNA of seven times as many people in the 
United Kingdom and other countries. 
~JOCELYN KAISER 


Cleaner Ships Ahoy 


{nan effort to improve air quality in ports and 
«coastal areas, the International Maritime Orga- 
nization (INO) plans to cut sulfur pollution 
from ships. Earlier this month, IMO lowered the 
‘current standard from 4.5% sulfur content in 
fuel to 3.5% by 2012, Most ships already use 
fuel with only 2.5% sulfur, but the standard 
becomes 0.5% by 2020. That's still more than 
-10ttimes higher than European Union diesel 
right now, says Jackie Savitz of the advocacy 
‘group Oceana. “The U'S., or anyone really, 
can't afford to rely on IMOto address these 
types of problems.” ERIK STOKSTAD 


18 APRIL 2008 


305 


306 


The Greening of Synfuels 


An old, dirty technology to make transportation fuels from coal could 


ht global warming, say proponents. The trick is using more biomass 


and burying the carbon dioxide that's generated 


A multibillion-dollar U.S. effort to turn coal 
into gasoline was a colossal flop in the 1980s, 
plagued by mismanagement, political wran- 
gling, and falling oil prices. Environmental- 
ists concerned about the impact of additional 
coal mining cheered the end of the synthetic 
fuels program, which was aimed at cutting 
US. dependence on oil from the Middle East. 
A generation later, the geopolitical reasons 
for reducing US. oil imports are more com- 
pelling than ever. And with oil prices above 
$100 a barrel, the economic equation has 
changed. So it’s no surprise that a few 
US. energy companies have drawn up plans 
forsynfivels plants that would produce millions 
of barrels of the alternative fuel annually. 
Butthistime around, the technology is also 
gaining support from a seemingly unlikely 
source. A group of climate scientists believes 
that, barrel for barrel, synfuels can emit less 
carbon dioxide (CO,) than oil and, at some 
point, even reduce the amount of carbon in the 
atmosphere. “When you make synfuels, you 


have an incredible opportunity” to tackle cli- 
mate change, says Princeton University 
physicist Robert Williams, an advocate of 
the technology. 

Living up to that promise won't be easy, 
however. The two keys to making synfuels 
green are using large amounts of plant bio- 
mass along with coal and storing in the 
ground the CO, emitted during the produc- 
tion of synfivels. And neither has been imple- 
mented ona commercial scale. Most environ- 
mental groups are still horrified by the 
thought of more synfuels plants and are loath 
to see coal mining expanded. They also point 
ut that the process produces CO, at twice the 
rate of making gasoline from crude oil with- 
out CO, storage and the use of biomass, the 
result would be disastrous. At least eight syn- 
fuels plants are expected to open soon in 
China, with 17 more planned: they will spew 
forth millions of tons of CO,. A coal-fed 
facility in Secunda, South Africa, built to 
cope with an apartheid-era fuel embargo, is 


the planet's single biggest point source of car- 
bon, emitting 20 million tons of CO, a year. 
“[Synfuels] may be worth looking into, 
and [have no doubt someone's going to make 
‘money with the process,” says energy profes 
sor Daniel Kammen of the University of Cali- 
fornia, Berkeley. But he thinks those who see 
climate benefit are underestimating the costs 
of large-scale carbon storage while overesti- 
‘mating the availability of biomass that can be 
harvested without having deleterious effects. 
Asa climate solution, he says, “I’m a lot less 
‘sanguine that it's going to work out.” 


What a gas 
‘The chemistry involved in making synfuels is 
not complicated. The process begins by turn 
ing coal into gas, which creates carbon 
monoxide and hydrogen (see diagram, 
pp. 309). The resulting syngas, as its called, is 
then converted with catalysts into products 
such as diese! fel, jet fuel, or chemical feed- 
stocks after scrubbing for pollutants. 
Germany operated the first large-scale 
‘commercial synfuels plants in the 1940s to 
provide fuel for a Nazi war machine starved 
by an Allied oil embargo. Then the 1970s 
gasoline crunch led US. President Jimmy 
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Carter and Congress to create the $20 billion 
Synthetic Fuels Corp. in 1980. The goal was 
to use coal to produce 700 million barrels of 
oil per year by 1992. The corporation spent 
$2 billion on demonstration projects in Cali- 
fornia, Louisiana, and North Dakota. But 
management scandals, battles between the 
corporation and the White House during the 
Reagan Administration, and, ultimately, the 
falling price of oil—it hit $21 a barrel in 
1986—caused Congress to pull the plug that 
year. Experts said the only thing that would 
revive synfivels was $100-2-barrel ol 

‘And here we are. In the United States, two 
companies lead the Synfiels 2.0 effort. Baard 
Energy, based in Vancouver, Washington, 
hopes next year to begin building a $5 billion 
plant in Wellsville, Ohio, that would produce 
50,000 barrels a day of diesel, jet fuel, and 
other chemicals, Rentech Inc., based in Los 
Angeles, California, hopes to open a plant in 
Natchez, Mississippi, in 2011 that would 
eventually make 30,000 barrels of fuel a day. 
Although the hefty price tag of a synfuels 
plant makes it less likely that enough will be 
built to have a major impact on global trans- 
portation needs, Baard’s owner and founder, 
John Baardson, says the plant will make 
money as long as the cost of a barrel of oil 
remains above $50, 

The companies plan to use 30% and 
10% biomass by weight, respectively, and store 
the CO, they make underground. That mix, 
they say, will produce fuels with a life eyclecar- 
bon footprint nich smaller than the one left by 
those derived from Middle Easter oil. Future 
projects using greater proportions of biomass, 
advanced gasifiers, and carbon storage could 
result ina carbon-negative process, say propo- 
nents, storing indefinitely the CO, that plants 
had taken up fiom the atmosphere. Baard says 
that getting enough biomass for its Ohio plant 
‘won'tbea problem. Rentech hopes to be able to 
use garbage, which is also plentiful (A third 


Ws a gas. Traditional 
synfuels plants take 
coal and turn it into 
syngas. The gas is 
then catalyzed into 
various liquid fuels. 
Proposed plants 
would also store 
underground the 
CO, that is created. 
Greater reliance on 
biomass would make 
‘the process more 
carbon friendly. 


‘company, owned by the power utility DKRW, is, 
planning a coal-only gasification project in 
‘Wyoming that will inject CO, as well.) 

‘A Dutch utility called Nuon has been pio- 
neering this method, gasifying an 80-20 mix of 
‘coal and wood chips since 2006. (Its plant in 
‘Buggenum, Netherlands, generates power 
instead of fuel, but the gasification step is iden- 
tical.) “They've solved a mumber of technical 
problems,” says Baardson, 
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above 1200°C. That temperature melts the 
inorganic ash that the process creates. But 
gasifiers that run at temperatures hundreds of 
degrees cooler could save in construction and 
operating costs, says Richard Bain of the 
National Renewable Energy Laboratory in 

Golden, Colorado. 
Cooler gasifiers have their own prob- 
Jems, however. Lower temperatures mean 
that less of the feedstock—be 


including selecting the best. “The thing that it coal or biomass—is con- 
feedstocks and preparing them makes [synfuels] verted into syngas. The toxic, 
for conversion_ carbonaceous muck that 

Unlike coal, which is easily 50 bad for the remains is costly to dispose 


ground into tiny spheres, the 
fibrous wood gets stuck as itis 
fed into the gasifier, creating 
an uneven flow. Dutch engi- 
neers have developed a way of 
mixing the two feedstocks to 
‘make them flow better. A new 
process of drying and charring the wood 
beforehand, developed by the Energy 
Research Centre of the Netherlands, has also 
helped keep the mixture flowing evenly into 
the gasifier. The process requires extra energy, 
but by reducing the weight of the material it 
lowers transportation costs. 

Engineers in industry believe that prepar- 
ing the biomass is the main technical hurdle to 
¢gasifying it and cite Nuon’s success as proof. 
But with Nuon keeping its methods secret, 
government researchers want to explore the 
new feedstock more. “We don't exactly know 
how biomass is going toaffect the gasifier, gas 
cleanup, or catalysts systems,” says Daniel 
Cicero of the National Energy Technology 
Laboratory in Morgantown, West Virginia. 
‘The lab announced a $7 million research pro- 
gram last month to identify the minerals found 
in biomass feedstocks such as poplar or 
switchgrass and to examine how they might 
affect the system. 

‘Nuon’s gasifier, built by Shell, operates 


[them] so 


climate could make 


the climate.” 


DANIEL SCHRAG, 
HARVARD UNIVERSITY 


of. Researchers hope that 
better computer modeling 
and new chemical techniques 
will help them more fully 
process the gunk. 

‘New chemistry could cut 
costs even more dramatically. 
‘Two years ago, chemical engineer Lanny 
‘Schmidt of the University of Minnesota, Min- 
neapolis, demonstrated how to gasify biomass 
by releasing tiny bits onto a catalyst made of 
rhodium and cerium, whereby it is converted 
instantly to syngas in an oxygen-rich vessel 
(Science, 3 November 2006, p. 801), Its indus- 
trial advantages include shortening the dura- 
tion of the process—to roughly a tenth of the 
time of existing gasifier designs—and leaving 
behind almost no carbon, Because the reac 
tion continually releases its own heat— 
700°C—the technique could eliminate costly 
external heating. But Schmidt acknowledges 
he still needs to solve a copious “ash problem” 
before synfuels plants can be shrunk to the 
size to ethanol facilities, which are small 
enough to sit adjacent to local farms. 


good for 


Going under 
‘To store the CO, that synfuels plants create, 
researchers hope to take advantage of the fact, 
that the process creates a concentrated CO, 
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Underground sequestration for oil recovery 
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stream that can simply be injected into deep 
underground formations. In contrast, CO, 
from a standard generating plant must be sep- 
arated from other flue gases (Science, 13 July 
2007, p. 184). “Ina way, the thing that makes 
[synfiels] so bad for the climate could make 
[them] so good for the climate,” says Daniel 
‘Schrag, a Harvard University geochemist who 
‘works as a part-time consultant for Rentech. 
Capturing and storing a ton of carbon from a 
standard coal plant would cost $40, according 
toa survey lst yearby a team ofresearchersat 
the Massachusetts Institute for Technology in 
Cambridge. Rentech says its Mississippi 
plant, strategically located near pipelines that 
currently bring CO, to oil fields, will do it for 
anet of $6 ton. 

But the amount of CO, needed to be 
stored by a new generation of synfuvels plants 
dwarfs current experimental efforts. The 
three largest projects worldwide—in Alge- 
tia, off the coast of Norway, and in 
Saskatchewan, Canada—are each storing 
roughly I million tons per year. Bard 
expects its plant alone will produce more 
than four times that amount. Baard and 
Rentech plan to sell the CO, from their plants 
to oil companies to help them squeeze the 
last drops out of existing wells, a process that 
geologists say effectively stores the CO, 
nce the wells are sealed. But such opportu- 
nities are relatively rare. Fortunately, there's 
plenty of available space elsewhere: A gov- 
ernment survey last year found that the 
United States has room underground and 
near power plants for at least 91 billion met- 
ric tons of CO,, enough to absorb many 
decades of emissions. 

‘The process involves injecting a stream of 
CO,, liquefied by high pressure, into a series of 
‘wells drilled thousands of meters into porous 


question. South Arica's Secunda facility is the word's biggest point 
source for carbon emissions, but synfues can be made cleaner, 


20 0 


rocklike sandstone. 
The formations are 
capped with imper- 
meable layers of rock. 
Inside the space, the 
liquid CO, displaces 
briny liquids as it fills pores. Results of early 
tests on a small scale have been positive, but 
scientists say they still have a lot to leam as they 
scale up injections. “I wouldn't say there are 
any major technical [barriers],” stys engineer 
Sean McCoy of Camegie Mellon University in 
Pittsburgh, Pennsylvania. “We want to make 


To reassure the public that underground 
carbon sequestration is reliable and safe, 
hydrologist Diana Bacon of Pacific North- 
west National Laboratories in Richland, 
Washington, says researchers need better 
computer models of how stored CO, 
behaves. Adding complex geochemistry to 
the models is a first step. Liquid CO, under 
pressure, for example, can cause the forma- 
tion of solid salts such as sodium chloride 
that can block pores and alter the flow of the 
injected CO, Varying mixtures of calcium, 
dolomite, and sandstone found in deep sedi- 
mentary rocks could affect CO, bebavior dif- 
ferently, says Bacon. Injecting CO, into the 
basalts found beneath much of the United 
States and India, among other places, can 
have similarly hard-to-model effects. 
‘Megascale synfuels projects would give 
engineers the experience they now lack in 
Jong-term sequestration of CO,,. “We need to 
just get moving.” says Bacon. But that’s hard 
to do in the United States, where pure CO, 
streams are relatively rare despite the heavy 
use of fossil fuels. China's projected synfiels 
plants give that country the chance to become 
“a world leader” in CO, storage, says 
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Princeton’s Williams. But despite nascent 
partnerships with the US., European Union, 
and UK. governments, the only large-scale 
test announced so far in China isa $1 billion 
power plant, dubbed GreenGen, in Tianj 
Several government-owned campanies expect 
to begin construction next year. 
‘Companies say that synfiels could become 
an important energy 
source sooner if 
the US. government 
lends a hand. One 
potentially huge cus- 
tomer for synfuels is 
the US. Air Force, 
whose planes now 
consume 11.4 billion 
liters of fuel a year. 
‘Synfiuels makers want 
Congress to grant the 
Pentagon the author- 
ity to sign long-term 
fuel-purchasing con- 
tracts for synfuels. 
The lawmakers who 
oversee the Pentagon 
have been mum on the matter. A compromise 
requiring restrictions on carbon emissions for 
federally supported synfiels seems possible, 
although a similar deal involving tax breaks 
and production credits failed last year. 
Environmental groups oppose such a deal. 
David Hawkins of the Natural Resources 
Defense Council in Washington, D.C., fears 
that any legislation will open the door toa 
surge in synfuels made purely from coal. Even 
ifthe CO, generated could be stored, he says, 
the effects of expanding coal mining could be 
extremely harmful to the environment. 
Notwithstanding the technical hurdles, 
the fate of synfuels may hang on whether 
companies are forced to pay a price for the 
carbon they emit into the atmosphere. Oppo- 
nents point out that Rentech and Bard, 
notwithstanding their pledges, are free to use 
only coal in their synfuels plants and emit 
millions of tons of CO, per year. “That's only 
2 problem if you don’t have a price on car- 
bon,” Schrag counters. Since they can use 
nonfood crops or plant waste, synfuels “can 
be better than ethanol,” he adds, citing the 
negative impact of corn ethanol on food 
prices and its projected deleterious effect 
on climate (Science, 29 February, p. 1235). 
Economic policies that reward good behav- 
ior will not only serve as a huge incentive to 
the synfuels industry, he notes, but also 
have more global effects: “If there isn’t a 
carbon price, we're not going to solve the 
climate problem anyway” 


ELI KINTISCH 
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OCEANOGRAPHY 


Watery Echoes Give Clues to the 
Past and Future of the Seas 


‘A handful of oceanographers and geophysicists are recording seismic whispers 


of the ocean's structure 


Last pring, Katy Sheen lstenedto the sounds 


of the ocean from ship off the coast of Spain, 
‘A relaxing vacation? Hardly. Sheen, a gradu- 
ate student at the University of Cambridge in 
the UK., is one of a handful of scientists 
adapting a technique called seismic profiling 
to oceanography. By observing the changing 
speeds of sound waves propagating through 
‘water, geophysicists and oceanographers 
hope to extract information about the ocean's 
temperature, salinity, and velocity. 

Geologists and oil companies have long 
used ship-based seismic profiling to probe 
density changes in the solid earth beneath the 
sea, but the technique of mapping the ocean's 
internal structure this way is less than a decade 
old. Ifefforts like Sheen’s succeed as expected, 
scientists will gain a powerful new tool that 
‘could unlock the volume of the ocean to rapid 
and remote study, much as satellites did for the 
‘ocean’s surface. “When satellite observations 
‘came along, the oceanographic community 
said, “Well, it not going to tell us anything 
new,’ but it did and it was important.” says 
Nicky White of the University of Cambridge, 
Sheen's supervisor. 

Particularly exciting, White and others say, 


= isthe prospect of tapping a jackpot of know!- 


edge from decades of “legacy data thatenergy 
‘companies have gathered while sounding sea 
floors in search of oil. The results could prove 
invaluable for measuring how the ocean's 
waters interact and assessing the impact of 
‘such mixing on past and future climate change. 

First, however, ocean scientists must quan- 
tify the subtle ways sound waves veer and 
bounce as they pass through currents of differ- 


“Sea heat Seismic reflections 
from warm, salty wate wil 

ye the stronger reflections 
Srantte seafloor,” 


s 
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ing temperature and salinity. Researchers plan 
to discuss results of their calibration cruises at 
this week's European Geosciences Union 
(EGU) meeting in Vienna. W. Steven Holbrook 
of the University of Wyoming in Laramie, 
‘whose team introduced seismic profiling as an 
‘oceanography too! in 2003, says he hopes EGU 
will provide “a real ‘meeting of the minds’ 
between seismologists and oceanographers.” 
‘To map ocean structure, oceanographers 
traditionally slow their ship to a crawl, lower 
instruments every 10 kilometers or so, and 
interpolate the data points. They have also 
tracked the spread of dyes, measured surface 
temperature by satellite, and anchored buoys 
for long-term observations of ocean currents. 
In 2000, Holbrook and his team began profil- 
ing the ocean with sound. By timing faint 
echoes from an array of seismic air guns 
towed behind a ship, they created sub- 
10-meter-resolution pictures of different 
water layers across large swaths of sea 
(Science, 8 August 2003, p. $21) 
Oceanographers admired the pictures but 
challenged the geophysicists to put numbers 
on them. Since 2003, a handful of research 
cruises, including Holbrook’s current 
USS. National Science Foundation-funded 
efforts off Costa Rica, have sought to do that by 
‘combining seismic profiling with traditional 
‘oceanography. Sheen’ 2007 voyage, for exam- 
ple, was part of the European Union—fuunded 
‘Geophysical Oceanography (GO) project Jed 
by Richard Hobbs of Durham University inthe 
UK. GO researchers tested new instruments 
and techniques aimed at collecting “a definite 
calibration data set,” says Hobbs. One ship 
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dropped instruments as often as every 2 kilo- 
meters behind an air gun-towing ship to 
obtain more detailed oceanographic data 
than have historically accompanied seismic 
profiles. Riffing on the geologists’ “ground 
truth.” John Huthnance of the Proudman 
Oceanographic Laboratory in Liverpool, 
UK., says the GO project has given “sea 
truth to the seismic data” 

Once seismic profiling has been fully cal- 
‘brated, researchers say, terabytes of seismic 
records from past oil exploration will become 
ripe for reanalysis. Oil companies stored seis- 
‘mic data from the ocean, which was so much 
noise to them, in order to subtract it from the 
‘much stronger reflection profiles they made 
of the solid sea floor. “We can happily plug 
away at legacy data,” says White. Mining old 
data would also bypass the enormous costs of 
new voyages, which Stephen Jones of Trinity 
College Dublin in ireland says cost upward of 
$25,000 a day. 

Legacy data sets aren’t perfect. Until the 
late 1980s, hydrocarbon exploration was 
largely limited to shallow continental shelves, 
whereas oceanographers and climate 
researchers are most interested in ocean- 
mixing hot spots in deeper waters and at bot- 
tlenecks such as the Drake Passage and the 
‘Strait of Gibraltar. The biggest limitation on 
the legacy data is that the petroleum geolo- 
gists who collected them didn’t take enough 
‘oceanographic measurements. “There are lots 
of seismic reflection profiling sections avail- 
able, but few of them have even a single tem- 
perature profile to tell us about the water col- 
umn,” says Raymond Schmitt of Woods Hole 
‘Oceanographic Institution in Massachusetts. 

Even without completing all their calibra- 
tions, oceanographers have published quantita- 
tive studies of ocean mixing and in Vienna will 
discuss imaging eddies with sound. Aided by 
such progress, they are slowly persuading 
funding bodies to support seismic profiling 
despite initially “having some difficulty.” says 
White; the U.K’s Natural Environment 
Research Council rejected his and Hobbs's 
proposals three times. “It's natural to be hesi- 
tant to spend money on something which isa 
little bit unknown,” says US. Navy oceanogra- 
pher Warren Wood, a collaborator of Hol- 
brook’s, who has obtained internal funding 
from the Navy. 

But Wood says be is “quite impressed by 
the first results of the GO project.” White 
expects even more later this year, pending 
analyses by graduate students such as Sheen. 
For oceanographers, he concludes, seismic 
profiling “hasn't laid its golden egg, yet” 

LUCAS LAURSEN 
Aucas Laursen isa frelance miter in Cambridge, LK. 
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DEREK SMITH DIDN'T WANT TO DO ROCKET 
science—literally. That's how he ended up 
becoming an internationally recognized expert 
in influenza virus evolution. 

In 1992, at age 33, Smith was working ata 
research lab of Texas Instruments (TD) in Dal- 
Jas, a company he had joined a decade earlier, 
fresh out of a British university. He special- 
izediin the mathematics of speech recognition 
One day, a colleague noted that the integrated 
circuits Smith was developing might play a 
key role in the control systems foran antiradar 
jssile called HARM that TI was producing 
for the Pentagon. The missile needed to 
cem real radar stations from decoys, a prob- 
Jem not unlike detecting subtle differences in 
spoken words. 

“T'mnota pacifist,” Smithsays, “but I didn't 
‘want anything to do with work directly related 
tothe military.” Instead, he started looking for 
a job in which his expertise might benefit 
public health. He found it in a Ph.D. project to 
‘model the immune system’s recognition of 
influenza viruses at the Santa Fe Institute in 
New Mexico. 

He never regretted the choice. Now at the 
University of Cambridge, UK., Smith has 
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Number cruncher. 


Mapmaker 
For the World 
Of Influenza 


Flu researchers are captivated 
by computerseientist Derek 
Smith's maps of viral evolution. 
Today, he helps them make 
their toughest decisions 


become the unofficial cartographer of the 
influenza world. He has developed a technique 
to produce colorful maps visualizing the 
never-ending changes in the influenza virus, 
and over the past 4 years, his lb has become a 
global nerve center that analyzes influenza 
data from around the world. His work offers 
scientists a way to track the virus’ evolution 
almost in real time, says Ian Barr of the World 
Health Organization's (WHOS) Collaborating 
Centre for Reference and Research on 
Influenza in Melboume, Australia. 

Indeed, influenza researchers find Smith's 
“antigenic cartography” so enlightening that, 
shortly after he and others published the first 
results in 2004, he was asked to join the select 
‘group that huddles at WHO's headquarters in 
Geneva, Switzerland, twice a year to decide 
which strains to put in the annual influenza 
vaccine that protects 300 million people. “It's 
a huge responsibility.” he says. 


From tables to maps 
Influenza viruses elude the immune system by 
changing the shapes of the glycoproteins on 
their coat—in particular, hemagglutinin (HA), 
the one that latches onto human cells and to 


which our immune systems produce antibod- 
ies. That's why flu shot or a natural infection 
‘one winter may not protect the year after. 

To tell how much a new strain differs from 
previous ones, researchers test how well ts HA 
is inhibited by antibodies to known strains har- 
vested from infected ferrets. If the antibodies 
bind well, the new virus is “antigenically 
close” to those earlier ones: if they don’t, the 
new strain is more distant. These results are 
used to create complex tables with thousands 
of numbers, each describing the outcome of 
one binding assay; they are impenetrable to all 
but the most experienced researchers, 

Smith wanted to turn the tables into clear, 
accessible maps. Just as mathematicians can 
reconstructa decent map of a country from the 
distance table in the back of a road atlas, it 
should be possible to map influenza strains 
based solely on each strain’s antigenic dis- 
tance from the others, he says. So in 1999, 
‘Smith teamed up with Alan Lapedes, a mathe- 
matician at Los Alamos National Laboratory 
in New Mexico, who, with Robert Farber, had 
laid part of the theoretical groundwork for 
such maps. 

Healso struck up a collaboration with Ron 
Fouchier, a virologist at the Erasmus Medical 
Center in Rotterdam, the Netherlands, When 
Fouchier switched from HIV research to 
influenza in 1998, he, too, had been struck by 
the opacity of the binding assay tables. “I 
thought there had to be a better way,” says 
Fouchier. The Rotterdam lab also had 
3 decades’ worth of data and samples—pre- 
cisely what was needed to produce a map. Of 
the three influenza types now circulating in 
‘humans, the trio picked H3N2, which changes 
the fastest and affects the most people. 

The project was a gamble, says Smith; 
several groups tried before but failed to get 
the mathematics right. Even after they pro- 
duced the first maps, the researchers spent 
several more years checking the results 
before publishing, 

In the 16 July 2004 issue of Science 
(p. 371), they finally published a map of 
273 virus strains that had been isolated since 
HSN2 emerged in 1968. The map is like that 
of an archipelago, and the strains come in 
clusters: Very often, the virus changes little 
from one yearto the next, but occasionally, it 
makes a major antigenic jump, starting a 
new cluster, for which existing vaccines 
offer no protection. The jumps can't always 
be predicted from the viruses’ genetic 
sequence, because a small change in the 
HA gene can sometimes cause a major shape 
change in the glycoprotein that makes anti- 
bodies lose their grip. 

Smith had already presented his results to 
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Coming Out of Asia—Year In, Year Out 


‘Where does the flu virus hide when there’s no flu? That question has puz- 
2led epidemiologists for decades. Every place on Earth has an influenza 
season, usually the winter, when conditions are best for its spread. But 
what happens after that? Does the virus lurk in a few people until next 
year? Or does it disappear and come back, and ifso, where from? 

Using data about some 13,000 seasonal flu samples from around the 
‘world, Derek Smith of Cambridge University in the U.K. and colleagues 
provide an answer in this issue of Science (p. 340): A small number of 
‘countries in East and Southeast Asia “seed” the yearly epidemics washing 
‘over the planet. “It’s really a fantastic paper,” says Keiji Fukuda of the 
World Health Organization (WHO) in Geneva, Switzerland. It shows that 
strengthening surveillance in Asia is crucial, Fukuda says, 

‘There were plenty of theories on what happens during influenza’s 
absence. Some believed the virus remained in every country, hiding in 
infected but symptom-free people, or is passed on at rates too low to detect, 
‘only to roar back when winter comes around. Others believed it vanished, 
‘moving back between the northem and southern hemispheres, fr instance, 
‘or receding temporarily into tropical Asia, Africa, and South America, 

For the new study, Smith and his colleague Colin Russell frst analyzed 
‘an antigenic map (see main text) of some 13,000 samples of H3N2, the 
most important flu type currently circulating. They discovered that 
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changes in the virus abvays occur first in countries in East and Southeast 
Asia. That doesn’t necessarily mean that the area acts as a source; the 
virus might also be evolving in parallel around the globe, with Asia being 
ahead of the curve by a couple of months. 

But an analysis of the strains’ hemagglutinin genes showed that flu 
epidemics in Europe, North America, and Australia are actually seeded by 
countries such as Japan, Thailand, South Korea, and Singapore. Europe 
and North America then act as conduits to South America, which has less 
iect contact with Asia. 

A study by Edward Holmes of Pennsylvania State University in State 
College and colleagues, published online by Nature this week, also shows 
that yearly waves in the temperate regions originate in the tropics. But 
that paper—based on a whole-genome analysis of 1302 strains from New 
York and New Zealand—does not pinpoint the source. 

So what makes East and Southeast Asia special? A variety of climate 
zones in a small area creates @ network of countries with overlapping fu 
seasons, Smith says. Frequent human travel gives the virus a chance to 
jump from one country to another. When winter arrives in Europe and the 
United States, strains from the Asian network spread to those continents 
aboard jumbo jets. But further, fine-grained studies will be needed to 
clarify exactly how the Asian network works and whether a similar net- 
‘work exists in India, as Smith and Russell hope to find out together with 
Indian scientists -M.E. 


some members of the WHO panel; the invita- 
tionto join the group followed just 2 weeks after 
the Science paper was published. “All of us 


sity of Cambridge made him a research asso- 
ciate in 2003 and a full professor in 2007. In 
2005, he landed a $2.5 million US. National 
Institutes of Health Director Pioneers Award 


which enables him to study questions on a 
global scale, as a paper in this week's issue 
of Science (see sidebar, above) illustrates, 


could see this was an emerging technology 
‘which had immediate appli- 
cation for the work we were 
doing,” says Barr, a member 
of the group. 

‘Smith’s maps increase 
the group members’ confi- 
dence that they're making 
the right choice, says WHO 


that enabled him to expand 
hisresearch groupto 10mem- 
bers. He still spends a day a 
week at Fouchier’s lab in 
Rotterdam, which he says 
helps keep him grounded in 
real biology. Some of their 
best ideas bubble up while 


Aware of his privileged position, Smith 
is careful not to hog the glory, stressing the 
collaborative nature of the process and 
crediting the people who provide the data 
“Asa theoretical biologist, you have to be 
aware of your place in the food chain,” he 
says. “I don’t even know how to do a 
binding assay: 

‘Now that his lab has come into its own, 


influenza expert Keiji the two indulge their shared Smith hopes to tackle new problems. He 
Fukuda; they're also help- Jove of Tom Waits and good would liketo predict farther in advance which 
ful for those less famil whiskey, says Fouchier. _ strains will be dominant in a given year, Cur- 


with the tables, he say 
such as vaccine producers, 
regulatory officials, and 
scientists who don’t spe- 


Grad students and postdocs, 
too, are encouraged to cross 
the North Sea frequently. 

‘We're really like sister 


rently, vaccine producers have just 8 months 
between the panel's decision and the start of 
the vaccination season, which means a yearly 
scramble. At the same time, Fouchier and 


cialize in influenza. “They labs,” Smith says. ‘Smith are trying to predict a strain's antigenic 
cean look at these maps and “Derek has a wonderful profile directly from its gene sequence; that 
go: ‘Oh, now I understand personality for bringing might eliminate the need for those pesky 


it” Fukuda says. Barrcon- 
cedes that the math and 
computer wizardry Smith 
uses to produce his colorful 
maps go over most influ- 
enza scientists’ heads. “It 
will take a while before we 
throw away our tables,” 
he says. 


Influenza archipelago. On an 
antigenic map, each virus strain 
isolated between 1968 and 2003, 


‘appears asa small blob. They occur in 
clusters (each given a different color), 
starting with Hong Kong ‘68. The scale 
bar represents one antigenic unit, a 
measure of haw similar strains are. 


Sister labs 
Meanwhile, Smith’s career 
has taken off. The Univer- 
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together people and data,” 
says Nancy Cox of the 
USS. Centers for Disea: 
Control and Prevention 
Atlanta, Georgia, one of 
the four WHO Collaborat- 
ing Centers. Smith’s close 
association with the Col- 
laborating Centers has 
given him access to an 
unparalleled wealth of 
antigenic and genetic data 
from around the world, 


tables altogether. 
Smith also wants to expand the scope of 
his cartography. Maps for HINI—the other 
influenza A virus circulating among 
humans—and for influenza B are under 
way. He has also started collaborations to 
‘work on agents such as rabies, malaria, and 
dengue and has plans to branch out into 
HIV. “There’s no reason you can’t do the 
same thing with many other pathogens,” he 
says. One thing seems sure: The mapmaker 

has put himself firmly on the map. 
—IARTIN ENSERINK 
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ashioned from laser light and wisps of ulf 
Problems in the physics of solids. DARPA wants # 


For more than a century, physicists have 
developed ever more sophisticated theories 
of rock-hard solids and the electrons 
whizzing within them. They've deciphered 
metals and insulators, concocted the semi- 
conductors that make computers hum, and 
explained mind-boggling phenomena such 
as conventional superconductivity, in which 
some alloys conduct electricity with no 
resistance at temperatures near absolute zero. 

‘Yet many problems continue to stump 
theorists. For example, 22 years after 
high-temperature superconductors were dis- 
covered, physicists still don’t know how the 
exotic compounds carry current without 
resistance at temperatures up to 138 kelvin 
Generally, whenever the shoving amo 
electrons grows too strong, physicists find 
themselves stymied—even if they resort to 
high-powered numerical simulations. “We 
know that we can’t do these things on a clas- 
sical computer,” says David Ceperley, a the- 
orist at the University of Illinois, Urbana- 
Champaign (UIUC), 

Help may be on the way, and from an 
unlikely quarter. Atomic physicists have 
spent 2 decades fiddling with ultracold 
gases a millionth the density of air. Now 
they're striving to model weighty crystalline 
solids with laser light and cold atoms. Inter- 
fering laser beams create an array of bright 
spots called an “optical lattice” that emmu- 
lates the ions in a crystal; atoms hopping 
between the spots emulate the electrons. 
Physicists can tune the lattice’s geometry, 
the rate of hopping, and the push and pull 
between atoms. So they hope to map the 
various behaviors of a model solid—super- 


TSAPRIL 2008 VOL320 SCIENCE 


pms might crack the 
St over a year 


conducting, insulating, and so on—in a por- 
trait called a “phase diagram” 

The U.S. Defense Advanced Research 
Projects Agency (DARPA) has launched a 
multimillion-dollar program to develop such 
optical-lattice emulators. They might crack 
some of the toughest problems in condensed- 
matter physics or even enable researchers 10 
design materials from scratch. Plans call for 
the first ones to be running in 15 months. 

“The DARPA program is excellent,” says 
Wolfgang Ketterle, an experimenter at the 
Massachusetts Institute of Technology 
(MIT) in Cambridge and leader of one of 
three multi-institution teams receiving 
funding. “It puts money and resources into 
an effort that is scientifically superb” But 
some warn that making the emulators work 
may be harder than expected. And 
researchers’ goals don’t necessarily jibe 
with DARPA’s. Physicists want the phase 
diagrams. Seeking a tool to design exotic 
new materials, DARPA wants an automated 
system that works in just 10 hours. 


Abstractions made material 

‘The emulators could bridge the gap between 
the abstraction of theory and idiosyncrasies 
of experiments with real solids. Theorists 
make an educated guess at the physics 
behind a material’s behavior. This “mode!” 
is captured in a mathematical expression 
known as a Hamiltonian, which describes 
the system's energy. Unfortunately, it often 
impossible to “solve” the Hamiltonian to 
prove it produces the observed behavior. 
And there is no guarantee that the model 
doesn’t leave out some key detail 


Crystal clear. In an optical lattice, 
spots of laser light simulate the ions 
in a crystal. Atoms (red) hopping 

etween the spots simulate the 
electron in the sald, 


Take, for example, a high- 
temperature superconductor. It 
contains planes of copper and 
oxygen ions arranged in a square 
patter along which the electrons 
pair and glide. At low enough 
temperatures, the electrons repel 
‘one another so strongly they get 
stuck one-to-a-copper-ion in a 
traffic jam known as a Mott insu- 
lator state. The electrons also act 
like little magnets, and neighbor- 
ing electrons point alternately up 
and down to form an “antiferro- 


magnet.” Now, take out a few 
electrons by tweaking the mater- 
ial composition. The traffic jam 
breaks and, perhaps through waves of mag- 
netism, the electrons pair and flow without 
resistance. Orso many theorists assume. 
This scenario is known as the two- 
dimensional (2D) Fermi-Hubbard model, and 
nobody can prove it produces superconductiv- 
ity. Nobody is sure that it captures the essential 
physics of the messy crystals, either. “The 
materials are so complicated that you can’t 
Jookat just the electron-electron correlations; 
UIUC Ceperley says. “There are all these 
other things going on.” 
But physicists might be able to make a 
Fermi-Hubbard model by loading cold atoms 
into-a 2D optical lattice that would simulate 
just these copper-and-oxygen planes. Atoms 
spinning in opposite directions would hop 
from bright spot to bright spot. By tweaking 
the laser beams and applying a magnetic 
field, physicists would vary the rate of hop- 
ping, the repulsion between atoms, and other 


factors to determine under what conditions if 
any the model produces superconductivity, 
says Tin-Lun “Jason” Ho, 2 theorist at Ohio 
State University in Columbus. “The goal isto 
reproduce the model faithfully in an optical 
Tattice and let nature tell you what the solu- 
tion is," he says. 


The next coolest thing 

‘The push marks the next chapter in the short, 
glorious history of ultracold atoms. Atoms 
can be sorted into two types—bosons and 
fermions—depending on how much they 
spin. Thanks to quantum mechanics, the two 
types behave very differently. Bosons are 
inherently gregarious. In 1995, two teams 
independently chilled bosons to below a mil- 
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lionth of a kelvin to coax them into a single 
quantum wave and produce a state of matter 
called a Bose-Einstein condensate (BEC) that 
flows without resistance (Science, 14 July 
1995, p. 152). That accomplishment netted a 
‘Nobel Prize in 2001 

Fermions are loners, as no two identical 
fermions can occupy the same quantum wave 
or state. Nevertheless, at very low tempera- 
tures fermions can get it together to flow 
freely. First they have to pair, and then the 
pairs condense into a quantum wave. This is 
what happens in superconductors, and in 
2004, physicists made fermionic atoms pair 
and condense in much the same way (Science, 
6 February 2004, p. 741). 

Given those accomplishments, creating 
an optical-lattice emulator might seem easy. 
Electrons are also fermions, so it might 
appear that researchers need only impose an 
optical lattice on fermionic atoms already 
trapped by magnetic fields and laser beams. 
But researchers have several steps to go 
before they can emulate the Fermi-Hubbard 
model and other intractable systems. They 
must achieve the Mott insulator state, which 
‘would pin one atom to each lattice site, and 
then the antiferromagnetic state, in which 
neighboring atoms spin in different ways. 

Physicists have made progress. In 2002, 
Immanuel Bloch, now at the Johannes Guten- 
berg University of Mainz in Germany, and 
colleagues reached the Mott insulator state 
for bosons by loading a BEC of rubidium-87 
into an optical lattice and cranking up the 
brightness of the laser spots to effectively 
increase the repulsion between atoms. “That 
was a landmark,” says Randall Hulet, an 
experimenter at Rice University in Houston, 
‘Texas. “That showed that we could do some- 
thing that was relevant from a condensed- 
‘matter perspective.” 

Last month at an American Physical 
Society meeting in New Orleans, Louisiana, 
Niels Strohmaier and Tilman Esslinger of 
the Swiss Federal Institute of Technology 
Zurich reported reaching the more elusive 
Mottstate for fermions. “We have a few puz~ 
zle pieces, and now we want to put every- 
thing together,” says Ketterle, who shared 
the Nobel for BECS. 


Emulators, pronto! 
‘The DARPA program aims to do just that. Last 
July, the agency gave three large teams—led 
by Ketterle, Hulet, and Christopher Monroe at 
@ the University of Maryland, College Park—a 
© few million dollars each (DARPA won't say 
exactly how much) and 2 years to develop a 
£ working emulator. In that first phase, 
5 researchers will tackle simpler models for 


which the Hamiltonian can be solved. For 
‘example, Hulet’s group will study fermions 
{in 1D tubes of light, and Ketterle will aim for 
the antiferromagnetic state of fermions ina 
3D lattice 

Ifa teamS starter emulation works by July 
2009, it will be eligible for a 3-year second 
phase, in which researchers will tackle an incal- 
culable Hamiltonian. Hulet and Ketterle both 
hope to emulate superconductivity in the 
2D Fermi-Hubbard model. 
Monroe's team is focusing 
‘on bosons in both phases, 
which do not mimic elec- 
trons but should still be 
useful for simulating 
‘exotic magnetic materials. 

To get to the second 
phase, the emulators for 
the first phase must workat 
lightning speed, however. 
‘The machinery must step 
through a complete phase 
diagram in 10 hours, 
not including the setup 
time. That's roughly how 
Jong it takes the best com- 
puter simulations to run, 
says DARPA program 
manager Air Force 
Lt. Col. John Lowell 
“You're trying to estab- 
lish a comparison with 
other computational tech- 
niques, and time is the 
metric,” he says. 

It sounds like the sort 
of results-on-demand pro- 
gram that would drive 
university researchers 
crazy. However, all voice 
great enthusiasm for the 
project. “DARPA really 
‘wants you to stay focused 
on the task at hand and I 
find that very productive,” 
Hulet says. “I've gota 
schedule on my white 
board of when things have to get done, and it 
definitely creates some tension in the Iab” 


The challenges ahead 

‘Making the emulators work won't be easy, 
physicists say. The biggest hurdle may be get- 
ting the atoms cold enough. Researchers may 
Ihave to chill gases to picokelvin temperatures 
to emulate the Fermi-Hubbard model. Oddly, 
they may catch a break getting part of the way 
there. Theory suggests that if they tum on an 
optical lattice gently—so as not to add 
entropy—a gas of fermions should sponta 


Heavy hitters. MIT's Wolfgang Ketterle 
(top) anc Rice’s Randall Kulet praise 
DARPA's vision, 
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neously cool enough toreach the antiferromag- 
netic state, But researchers may be underesti- 
mating the difficulty of getting even colder to 
reach the superconducting state, Ohio State's 
Ho says. “Itrequires a breakthrough,” he says. 
“ust doing things the way they are doing them 
now is as good as praying.” 

Experimenters will also have to devise 
‘ways to prove that their emulatoris doing what 
they think itis. A high-temperature supercon 


it produces an unambigu- 
ous signal that it’s work- 
ing: zero electrical resist- 
ance. Atoms ina lattice 
won't signal so clearly 
that they have gone super- 
conducting, so proving 
they have will require 
subtle new probes, 

Then there is the 
10-hour time limit—an 
odd requirement given 
that physicists would be 
happy to have the phase 
diagram for the Fermi: 
Hubbard model even if it 
took years to get it. Some 
predict DARPA officials 
won't enforce the limit 
strictly. “Everybody 
knows it can be tweaked 
in the end if need be,” 
Monroe says. Don't be so 
sure, Lowell warns. “I 
‘wouldn’thave laid this ont 
as amilestone if I didn’t 
think it was doable,” he 
says. “And you wouldn't 
have signed on to it 
if you didn’t think it 
‘was achievable.” 

Where will it all ead? 
Even leading physicists 
doubt that they'll produce 
a black box capable of 
deciphering any solid, “I 
see it as unlikely that in 
the end there will be this universal machine 
that solves any problem you would like to 
solve,” says Mainz’s Bloch. Some say opti- 
cal lattices may serve primarily to validate 
techniques for computer simulation, which 
will remain the biggest wrench in the theo- 
rist’s toolbox. 

Nevertheless, all agree that making light 
crystals could be a revolutionary advance. 
“It's bloody difficult, but it doesn’t seem 
impossible.” Ketterle says. “Let’ stop talking 
and start doing.” The clock is already running. 
~ADRIAN CHO 
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Coral Adaptation in the Face of 
Climate Change 


IN THEIR REVIEW, “CORAL REEFS UNDER RAPID CLIMATE CHANGE 
and ocean acidification” (14 December 2007, p. 1737), O. Hoegh- 
Guldberg et al. present future reef scenarios that range from 
coral-dominated communities to rapidly eroding rubble banks. 
Notably, none of their scenarios considers the capacity for corals to 
adapt. The authors dismiss adaptation because “[rleef-building corals 
haverelatively long generation times and low genetic dive o 
for slow rates of adaptation [relative to rates of change].” We think the 
possibility of adaptation deserves a second look. 

Many features of coral life histories, such as extended life spans, 
delayed maturation, and colony fission, do result in lon; 
times (7) [some between 33 and 37 years (2)]. However, 
such as many species of Acropore and Pocillopora, mature early, grow 
rapidly, and suffer whole-colony mortality, as opposed to colony fi 
after mechanical disturbances (3) and thermal stress (4). The life histo- 
ties of these ecologically important and abundant species suggest an 
underappreciated capacity to adapt rapidly to changing environments. 

Repeated bleaching episodes in the same coral assemblages and the 
increasing scale and frequency of coral bleaching have been cited as 
evidence that corals have exhausted their genetic capacity to adapt to 
rising sea surface temperatures (5). However, comparisons of the rates 
‘of mortality within populations among bleaching events are not avail 
able. Without these data, itis not possible to assess whether the adap- 
tive response has been exhausted. Indeed, the effects of temperature 
and acidification on even the most basic vital rates in corals, such as 


Response 
WE CERTAINLY HOPE THAT BAIRD AND MAY- 
nard are right and that in the coming years 
corals will exhibit an adaptive capability that 


rapid adaptation (1) 
Corals, like other 

organisms, can also 

modify the risk of 


growth, mortality, and fecundity, are largely unknown, as are the phys- 
iological trade-offs among these traits. Consequently, the sensitivity of 
population growth to climate-induced changes in vital rates remains 
almost completely unexplored [but see (6)]. In the absence of long- 
term demographic studies to detect temporal trends in life history 
traits, predicting rates of adaptation, and whether they will be exceeded 
by rates of environmental change, is pure speculation. Indeed, where 
such data are available for terrestrial organisms they demonstrate that 
‘contemporary evolution in response to climate change is possible (7). 

‘ANDREW BAIRD? AND JEFFREY A. MAYNARD? 


cllence for Coral Reef Stules, James Cook Univesity, Townsville, QLD 


they have not yet exhibited in situ or in the 
laboratory. At this point, however, it appears 
unlikely. 

As Baird and Maynard point out, the coral 
genera Acropora and Pocillopora have gener- 
ation times that are short (several years) rela- 
tive to the generation times of other corals. 
The majority of coral generation times, how- 
ever, are still long (decades) relative to the 
accelerating pace of climate change, throwing 
doubt on the scope of most coral species for 


coral bleaching over 

the short term through physiological acclima- 
tion (2). Acclimation, however, as with any 
phenotypic change, is limited. In the same 
vein, corals that form symbioses with more 
than one variety of dinoflagellate can shift 
their populations so that they are dominated 
by their more thermally tolerant dinoflagellate 
genotypes during thermal stress. Unfortu- 
nately, these short-lived changes have not yet 
resulted in the novel host-symbiont combina- 
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tions that will be required for survival in the 
challenging temperatures and acidities of 
future oceans under rising atmospheric car- 
bon dioxide 

Itis important not to confuse genetic adap- 
tation with the increased average thermal tol- 
erance observed for some coral communities 
over the past 25 years, which has occurred 
largely because thermally sensitive species 
have died out, leaving robust species behind 
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(3). Equally important is the lack of evidence 
that corals have the capacity to either accli- 
mate or adapt to falling aragonite saturation 
states. It seems unlikely that genetic adapta- 
tion will solve the problems of global change 
facing corals. Indeed, paleontological evi- 
dence indicates that calcifying marine orga- 
nisms including corals suffered a protracted 
period of absence after large and rapid 
changes in atmospheric carbon dioxide asso- 
ciated with the Permian—Triassic extinction 
event (4, 5) Ittook millions of years for these 

organisms and ecosystems to recover. 
(0. HOEGH-GULDBERG,™ P. }. MUMBY,? A. ). 
HOOTEN,? R. S. STENECK,* P. GREENFIELD,* E. 
GOMEZ,* D. R. HARVELL,’ P. F. SALE," A. ]. 
EDWARDS,” K. CALDEIRA,”? N. KNOWLTON," C. M. 
EAKIN,” R. IGLESIAS-PRIETO," N. MUTHIGA,™* R. 
H. BRADBURY," A. DUBI,’* M. E. HATZIOLOS*? 
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Freshwater Forcing: Will 
History Repeat Itself? 


IN THEIR RESEARCH ARTICLE “REDUCED 
‘North Atlantic deep water coeval with the gla- 
cial Lake Agassiz freshwater outburst” 
(4 January, p. 60), H. F. Kleiven et al. 
present compelling evidence for an abrupt 
deep-ocean response to the release of fresh- 


CORRECTIONS AND CLARIFICATIONS 


News Focus: “Puzzling over a Seller whodunit“ by V. toe (4 April p44. On the map on page 45, Stelle sea lon stocks 
were mislabeleg. The easter stock in the eastesn Gul of Alaska, whereas the western stock extends westward into the 
Bering Sea. 

Policy Forum: “case study of personalized medicine” byS.. Katsaniset a. (4 April p. 53). Owing to estoral ere, some 
comectons sent by the author were rot mage for publcatien. The authors affliation emitted the name ofthe institute and 
should reae a follows: Genetics ane Public Policy Center, Berman Institue of Bioethics, The Johns Hopkins University, 
Washington, OC 20036, USA In the fist paragraph, tbe reference to “biomarkers” should tead “ess” as follows: “To date, 
‘here have been only afew genetic tess whese clinical vali in pricing drug response has been clearly established...” 
In tels. 100 13, the éate of access to rateral published ontne should have been upéated to show tha, as of 12 Harch 
2008, these companies had not reflected the recommendations ofa December tear: fom the expert panel for Evaluation 
(ef Geremic Applications in Practice and Preverien. 

News Focus: “Oueling visions for a hungry worle” by & Stokstad (14 March, p. 1474). The story indicates thatthe 
Intemational Feod Petty Research institute hae raised money for a modsing exercise on policy options forthe future of 
agriculture but die not camry out the suc. fact, medeling was completed —albelt scaled back —and is presented in 
(Chapter 5 ofthe international Assessment of Agricultural Science and Technology fer Development report. 

Reports: “Cancer protferation gene iscovery through funcional genomics” by i. R. Schlabach ta (1 February, p. 620) 

‘On page 624, the contents ofthe Supporting Onlin material inadvertently included “Data Ses 1 10 $9.” 

Reports: “Soe state thermal etifer” by C.W. Chang et (17 November 2006, p. 1121). The material deposed onto the 
anctube was Timethy [1,23,4.5-n)-1-tethy-2, 4-Cyclopentadien-1-(0 Platinum, alse known as (trimethyl) methyley- 
opertacienyt platinum, with chemical formula (CA), (C4,C,41JPt The empifial fermula (G,,P1) and molecular weight 
(219 gino this material were states coecty in the apes: However, the name ofthe materal that appeared on page 


1122—itiethy-clopentacieny platinum—nas income. This conection oes not change any rests ofthe pape 


water from glacial Lake Agassiz into the 
northwest Atlantic about 8400 years ago. 
‘Such data are particularly important in eval- 
uating the response in ocean models of the 
Atlantic Meridional Overturning Circu- 
lation (MOC) to freshwater forcing. For this 
event, the freshwater forcing was likely 
large but short; Clarke et al. (J) estimate 
that the flood had a freshwater flux of 4 to.9 
‘Sv released in 0.5 years. 

Inthis context, we are aware of no possi- 
ble mechanism that might reproduce such 
forcing in response to global warming, and 
all available model simulations, including 
those with estimates of maximum Green- 
land Ice Sheet (GIS) melting rates, indicate 
that it is very unlikely that the MOC will 
undergo an abrupt transition during the 
course of the 21st century (2). Multimode! 
ensemble averages under Special Report on 
Emissions Scenario (SRES) AIB suggest a 
best estimate of 25 to 30% reduction in the 
‘overall MOC strength (2). In one example, 
14 coupled models simulated 2 100-year 
0.1-Sv freshwater perturbation to the north- 
em North Atlantic Ocean—17 times the 
recently estimated melt rates from the 
GIS—and the MOC weakened by a multi- 
model mean of 30% after 100 years; none of 
the models simulated a shutdown (3) 
Another model simulated greenhouse gas 
levels that increased to four times preindus- 
trial values and then remained fixed; the 
resulting GIS displayed a peak melting rate 
of about 0.1 Sv, with little effect on the MOC 
(4). One model simulation uses the SRES 
AIB scenario but adds an additional 0,09-Sv 


freshwater forcing as an upper-bound esti- 
mate of potential GIS melting. In this case, 
the MOC weakened but subsequently recov- 
ered its strength, indicating that GIS melting 
‘would not cause abrupt climate change in 
the 21st century (5). Accordingly, we urge 
caution in drawing comparisons of the 
abrupt change 8400 years ago to future sce- 
narios involving, for example, the melting of 
the GIS and its relevance to human societies. 
PETER U. CLARK, THOMAS L. DELWORTH,? 
"ANDREW J. WEAVER? 


“Department of Geosciences, Oregon State University, 
Cevallis, OR 97331, USA. “Geophysical Fluid Dynamics 
Laberaton/NOAA, Princeten, NJ 08542, USA. "School of 
Earth and Ocean Sciences, University of Victoria, Viceria, 
3CVBW3°6, Canada. 
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Response 

WE THANK CLARK ETAL. FOR REITERATING AN 
‘important point regarding the relevance of our 
study (4 Tanuary, p. 60) for future global 
‘warming scenarios. We agree with Clark and, 
colleagues that the $400-year deep circula- 
tion anomaly we reported, although useful 
for evaluating the response of ocean models 
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to sudden fluxes of freshwater, does not rep- 
resent the most realistic (one-to-one) analog 
for possible future changes. Indeed, we 
found that only one such extreme deep circu- 
Jation anomaly occurred in the Holocene and 
that it followed the rapid drainage of an enor- 
mous proglacial lake, for which we also 
know of no foreseeable equivalent in our 
future. In addition, we pointed out that the 
ocean circulation prior to the outburst flood 
‘was most likely different than it is todiay— 
Labrador sea convection and Danish Straight 
Overflow Water were both thought to be 
‘weaker than today (/, 2). Finally, our records 


Letters to the Editor 


demonstrate just how complex the relation- 
ship between climate and ocean circulation 
‘was during the rest of the Holocene. 

‘We demonstrated that the ocean sensitively 
responded to the extreme freshwater forcing 
event ~8400 years ago. Our results agree with 
modeling studies applying similarly large 
freshwater fluxes, confirming that the deep 
ocean can change just as quickly as models 
predict (3). In the most general sense, this sup- 
ports the idea that the estimated 25 to 30% 
reduction (4) in Meridional Overturning 
Circulation (MOC) referred to by Clark et al. 
is plausible on century time scales. 

Our approach for understanding the ex- 
treme and distinctly different scenario 
~8400 years ago may also be useful in deter- 
mining the sensitivity and thresholds of 
ocean circulation for the more modest but 
sustained freshwater forcing expected in our 
future. Further work will be necessary to 
validate the scale and rate of MOC changes 
estimated by models in these intermediary 
states. A natural next step would be to pro- 
vide a detailed characterization of deep- 
water properties and circulation at times in 
our past that contain elements more in com- 
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mon with our future. One obvious candidate 
is the previous interglacial period (Marine 
Isotope Stage Se), which was warmer than 
the present (5), had a smaller Greenland Ice 
Sheet, and may have experienced a sea-level 
rise at a similar rate to that projected (6). 
HF KLEIVEN,? CATHERINE KISSELL CARLO LA}? 
ULYSSES S. NINNEMANN,! THOMAS 0. RICHTER,* 
ELSA CORTI}O® 
‘jerhnes Cente for Climate Research and Oepartment of 
Earth Science, University of Bergen, Allegaten 41, 5007 
Bergen, Norway “Laboratoire des Sierces du Climat de 
(Environnement, Avenue dela Ferrasse, Domaine ou CNRS, 
Gi-suvette cedex, 91298, France. Department of Earth 
Science ané. Bjerknes Centre for Climate Research, 
Allegaten 41, 5007 Bergen, Norway. ‘Royal Netherlands 
‘ot Sea Research, 1790 A8Den Surg, Netherlands 
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ECONOMICS 


First, Kill the Economists 


E. Roy Weintraub 


he prophet Jeremiah is alive and well 

and teaching economics at Harvard. It 

is not often that a scholar with no par- 
ticular historical or philosophical expertise 
trashes the Wester enlightenment in order to 
stomp on the discipline of economics as a 
‘manifestation of all that was lost in creating 
the modern world. 

Stephen A. Marglin’s argument in The 
Dismal Science is that economics—with its 
focus on an individual’ preferences, the free- 
dom to engage in activities to promote his or 
her well-being, and the pursuit of self-interest 
variously construed—pervertsa natural moral 
order: “the foundational assumptions of eco- 
nomies are in my view simply the tacit 
assumptions of modemity. The centerpiece in 
bothis the rational, calculating, self-interested 
individual with untimited wants for whom 
society is the nation-state.” And what moder 
nity shunned was “community” 

“His main line is that “The market under- 
‘mines community because it replaces per- 
sonal ties of economic necessity by imper- 
sonal market transactions... 
‘The ambivalent relationship 
between noneconomists and 
economics reflects the ambiva- 


lence with which modernity is 
regarded.” To be sure, sociolo- 
gists deal with community, as 
do anthropologists, as do polit- 
ical scientists, and so on. But 
‘economics, for Marglin, is dif- 
ferent: “Economics is not only 


by an ideology in which these 
tensions are replaced by a set 
of pseudo-universals about 
human nature. A dismal sci- 
ence indeed” 

‘The argument about the 
proper way todo economics is 
anold one. An 1832 complaint 
in The Eclectic Review charged 
the work of Thomas Malthus 
and David Ricardo with lead- 
ing the public far from “the 
true path of inquiry” and making political 
economy “a hideous chain of paradoxes at 
apparent war with religion and humanity.” In 
the past century or two, we have heard this 
lamentation from time to time from both sec- 
ular and religious figures. 

Inmuch of Europe, what we now call eco- 
nomics developed in order to understand 
variousmatters of business law, contract, tax- 
ation, international trade, and project manage- 
ment. Issues like tariff policy and currency 
management were discussed by individuals 

who were variously law- 
yers, engineers, politicians, 
‘managers, and business, 
people, and training in 
such expertise developed 
pari passu. 

The professionaliza- 
tion of economics was a 
Inte 19th century phenom- 
enon. Cambridge's Alfred 
Marshall, in attempting to 
construct a scientific eco- 
nomics, was not able to 


structive—economists seek to establish economics as a 
fashion world in the image of separate discipline until 
‘economic theory.” Economics The Reverend Thomas R. Malthus. the death of Henry Sidg- 
and thinking like an economist wick, the university's pro- 


are bad for the health of the world. Indeed, he 
closes his volume stating that “There are 
‘many ways of resolving the tensions between 
individualism and holism, between self 
interest and obligation to others, between 
algorithm and experience, between the claims 
of various communities on our allegiance, 
between material prosperity and spiritual 
health, Economics offers one way, but as 
presently constituted, economics is hobbled 


‘The reviewer is at the Department of Economies, Duke 
University, Dutham, NC 27708-0097, USA. eral: 
erw@econ duke.edu 


fessor of moral philosophy, under whose 
direction lectures in political economy had 
been organized. In the United States at that 
time, economics was growing from different 
sources. One stream followed from individu- 
als who had obtained Ph.D:s in Germany, 
where social policy issues—labor unions, 
socialism, the nascent welfare state, ete — 
‘were galvanizing the universities. But a sec- 
ond stream nurturing the American progres- 
sive economists grew from the social gospel 
movement, which sought to promote the king 
dom of God on Earth through enlightened 
social policy and the kind of market interven- 


The Dismal Science 


tions that Adam Smith in fact quite welcomed. 
‘The kind of economics from which 
‘Marglin recoils is, however, not of the sort that 
was present in writings of individuals (e.g., 
Smith, Ricardo, John Stuart Mill, Marshall, 
and John Commons) who have 
been claimed as ancestors 
by modem economists. It is 
instead what developed in the 
post-World War II stabilization 
of economic discourse and the 
final professionalization of the 
discipline. It was during that 
postwar period, not in the 
Enlightenment, that economic 
science became normal in 
‘Thomas Knhn’s sense. 
Marglin’s account appears 
‘confused by thishistory. Moreover, he appears 
to believe that the ideas he engages and then 
‘casts aside (ideas about the economic agent, 
preferences, equilibrium, models, and mar- 
kets) all grew up not in the 20th century but 
hundreds of years earlier—and that those 
ideas have had stable meanings ever since: 
“For four hundred years, economists have 
‘been active in the enterprise of constructing, 
the modern economy and society, both by 
legitimizing the market and by promoting the 
values, attitudes, and behaviors that make for 
economic success. No apology is due for 
this—except for the pretense of scientific 
detachment and neutrality and the unwilling 
ness to confront the ideological beam in our 
collective eye.” The ahistoricity of such a 
statement is startling; for instance, it assumes 
wrongly that there were individuals called 
‘economists 400 years ago and that science in 
1600 meant the same thing as it does in 2008. 
In his critique, Marglin moves back and 
forth between moralizing about the loss of 
‘community and contempt for the economists” 
tools and models. He claims, “By promoting 
‘market relationships, economies undermines 
reciprocity, altruism, and mutual obligation, 
and therewith the necessity of community. The 
‘very foundations of economics, by justifying, 
the expansion of markets, ead inexorably tothe 
‘weakening of community.” He complains that 
“itis difficult to tell a plausible story of how 
individuals acquire meaningful preferences 
between consumption today and consumption 
‘decade or twohence, inthe way one can imag- 
ine learning about peaches today and pears 
today.” But is not Marglin’s Harvard College 
teaching an instruction of the young designed 
to shape their preferences, especially prefer~ 
‘ences about long-term versus short-term goals? 
From the first times economic arguments 
‘were parsed and markets deseribed, there were 
those who found both contemptible, and this 
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‘was well before the Enlightenment. Attacks 
‘on money lending at interest go backeven ear- 
lier than Jesus on the temple steps. Recall 
‘Aquinas's ideas about the “just price.” One 
‘mustn't forget Shakespeare's Shylock, either. 
Tax collecting for Kings and emperors 
‘requires economic management skills, but no 
cone likes to pay taxes. In prize-winning book 
(D), William Coleman showed how over the 
centuries the very idea of economics has been 
loathed by left, right, and center; Christian, 
Jew, and anti-Semite; pope and communist 
dictator; lawyer and business mogul; and sci- 
entist and humanist. 

In this same tradition of anti-economics, 
Marglin sees the future of the field as bleak, 
with the current generation of economies stu- 
dents avoiding large questions in their search 
for career advancement. And the problems 
that economics creates will only get worse, he 
claims, because globalization will make the 
national community as obsolete as the market 
hhas made the local community. 

Tote in closing that the lead dust-jacket 
blurb for this volume was provided by the 
noted economist and social theorist Bianca 
Jagger (sic). Whatever was Harvard Uni- 
versity Press thinking? 
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PHYSIOLOGY 

Toward the 

Dominance of Vision? 

Andreas Keller 


f we want to know the time, we look at a 
clock; if we want to find out whether the 

milk is still fresh, we check the expiration 

date printed on the carton. Mark M. Smith's 

i Sensing the Past: Seeing, Hearing, Smelling. 
& Tasting. and Touching in History reminds ust 
© hasnotalways been like that. There wasa time 
‘when the ring of a bell signified the hour and 
wwe decided whether the milk has soured by 
sniffing or tasting it. Sensing the Past traces 
‘how the relevance of the individual senses has 
changed through the years. Smith’s reading of 
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Fragrant rose. “Rasa groeca” (Dutch, late 16th century). 


the extensive historical and anthropological 
literatures leads him to challenge the theory, 
‘championed by the pioneers in sensory his- 
tory (7, 2), that around the time the printing 
press was invented vision began to replace 
taste, smell, touch, and hearing. Smith (a his- 
torian at the University of South Carolina) 
argues that nonvisual senses 
continue to be relevant in the 
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a nonvisual sense gaining importance. In 
Europe, trade introduced sugar, pota- 
toes, coffee, cacao, tea, peppers, and 
exotic fruits into the diet on a large 
scale—which led to eating habits no 
longer based on availability but on, well, 
taste. With the increase in options, taste 
was elevated to a sense of social, cul- 
tural, and political importance. 

‘Cases like this, in which sensory per- 
ception is of social and political signifi- 
cance, make up most of the book. For 
example, Smith points to the “stench 
of the working class” and the almost 
entirely social meaning of the “lowest of 
the senses” (touch), which is intimately 
associated with ownership and therefore 
‘with power. Slaves could be touched and 
beaten at will by slaveholders, and men 
did “push women, rub against, hit, and 
sexually assault them in private and pub- 
lic? Touching served to reaffirm status and 
assert authority. The book's most detailed dis- 
cussions concern slavery and race in the 
American South, the topics of earlier books by 
‘Smith. He retells the fascinating story of a 
“visually ‘white’ ‘black’ man” in Louisiana 
who was refused a seat in a car for white 
passengers on the train— 
the Plessy v. Ferguson case 


modem world. a Oe Pat (1896) through which the US. 

‘Consequently the book ex- Supreme Court enshrined the 
amines the historical and pres- “separate but equal” doctrine. 
‘ent-day use of each of the five lustrating the arbitrariness of 
senses inequal depth and stresses the alleged dominance of 


the importance of interactions 
among them. The author col- 
Jects his examples from dif- 
ferent historical periods and 
includes studies from around 
the globe, although the domi- 
nance of primary literature 
dealing with Western history 
‘makes truly balanced account impossible. 
‘Some studies support the notion that there 
isa tendency toward an increasing importance 
for vision. For example, roses were once pri- 
marily prized for their scents. Since the 
Enlightenment, cultivators have selected roses, 
for their looks, which has led to the big, beau- 
tif, but scentless blooms on long stems that 
we now buy on Valentine's Day. Other obser- 
vations support Smith’s suspicion that this 
trend toward vision is not universal. Taste, 
‘smell, and touch gained in importance relative 
to vision in American supermarkets. In place 
‘of “don’t touch’ signs that were ubiquitous in 
the early 20th century, we now find customers 
‘squeezing and sniffing the displayed fruits. 
‘The parallel rise of intemational trade and the 
importance of taste offers another instance of 


vision over the other senses, 
Louisiana's attomey explained 
‘that “I might not be able to see 
that he is black, but I can cer- 
tainly smell his racial identity.” 
‘With its overview of recent 
studies, Sensing the Past offers 
an informative and entertain- 
ing introduction to the underappreciated field 
of sensory history. The extensive bibliography 
makes it a valuable resource for readers who 
\wish to further explore historical changes in 
the relative importance of the senses. For a 
neuroscientist like myself, this short book is 
an important reminder that “sensory percep- 
tion is a cultural, as well as a physical act.” 
‘How something looks, smells, feels, tastes, or 
sounds depends on the physical properties of 
the stimulus, on the workings ofthe brain, and 
on the cultural context. 
References 
1 Mahan, Me Gutenberg Golan: The king of 
‘Typographic Kton {Univ. of Toronto Press, Toronta, 1962). 
2 ML] Ong Ora and itera Pe Tetnaagcng of re 
‘ors rege, New Yor. 1902, 


r0.1126/sence.1157191 


18 APRIL 2008 


319 


320 


EcOLocy 


Agriculture at a Crossroads 


E. Toby Kiers,'* Roger R. B. Leakey,? Anne-Marie zac; Jack A. Heinemann,‘ Erika Rosenthal,> 


Dev Nathan, Janice Jiggins” 


cent scientific assessments (J) have 

alerted the world to the increasing size 

of agriculture’ footprint, including its 
contribution to climate change and degradation 
of natural resources (5). By some analyses, 
agriculture is the single largest threat to biodi- 
versity (6). Agriculture requires more land, 
‘water, and human labor than any other industry 
(7). Anestimated 75% of the world’ poor and. 
Jungry live in rural areas and depend directly or 
indirectly on agriculture for their livelihoods 
(8). As grain commodity prices rise 


poor. Where production has been intensified it 
has generally been accompanied by costs such, 
as extensive eutrophication from fertilizer run- 
ff, pesticide contamination, and loss of local 
crop landraces (72). The assessment found that 
structural changes in governance, develop- 
ment, and delivery of S&T are required so that 
benefits are shared more equitably and envi- 
ronmental impacts are lessened. 
Controversy arising from the assessment’s 
findings (13-15) has focused on a single ele- 


‘The present path of agricultural development 
will not achieve development goals according 
toa recent assessment, but a solid foundation 
for improvements exist. 


dresses the needs ofthe rural poor and to devel- 
coping technologies that lessen the environmen- 
tal impacts of agriculture. A meager one-third 
(about US. $10 billion) of all global research 
expenditure on agriculture is spent on solving 
the problems of agriculture in developing coun- 
tries (/6), home to ~80% of the global popula- 
tion. This amount is less than 3% of the total 
value of agricultural subsidies that countries of 
the Organization for Economic Cooperation 
and Development (OECD) pay to maintain 
their agricultural output (/6). 


and per capita grain production stag- Approaches Redirection laws, Consequently, regions with 
nates (9), policy-makers are tom be- regulation severe biophysical constraints 
tween allocating land to food or fuel ‘and marginalized communities 
needs. The govemance of agriculture [mS PSE, aes ree have historically benefited least 
requiresnew thinking ifit istomeetthe —_{echndlogy development from S&T development (17). 
needs of humanity now and in the narrate In the next two decades, cli- 
fiqure. The Intemational Assessment Tae” ya ‘iment dreS67pomiay mate change is predicted to 
of Agricultural Science and Tech- —_ofsar osaT Governmental requiston of cause major crop losses in the 
ee for Devehjenet (IAASTD) \prvate secor mat poorest ae G9. 
together governments, inter- ‘Access to trade and fest areas of the world are 
national organizations,and private sec- marist amalyss 4 Accessand exchange _, Mn suormion 4. already home to more than 
tor and civil society organizations to funding or Nahar aioe ‘ral communities 2 billion people. Agricultural 
address these challenges (10). The task S&T has yet to offer effective 
was to asess the curent state and Acs decovatind sap cites ‘Tural management options 
future potential of formal and informal 90 Ry derdopment > 1:9 tan apply dies f0F crop and livestock sys- 
knowledge, as wellasscienceand tech- Guna panes aoeaie tems appropriate for water- 


nology (S&T), (i) toreduce hungerand 
poverty, (ii) to improve rural liveli- 
hoods, and (iii) to facilitate equitable, 
‘sustainable develc 

‘The [AASTD recently released its assess- 
‘ment (J). The assessment acknowledges the 
enormous historical contributions of S&T to 
increased yields, mutrition, and aggregate 
‘wealth but also recognizes that gains have been 
‘uneven and that successes have been accompa- 
nied by environmental and social conse- 
quences, Production increases have not consis- 
tently improved food access for the world’s 


Ainsttute of Ecological Science, Faculty of Earth ane Life 
Sciences, Vie Universitet, De Boelelaan 1085, NL-1081 
HV Amsterdam, Netherlands. “James Cook University, 
School of “Marine and. Tropical Biology, Cairns, 
Queensland, Australia. "Allance of the CGIAR Centres, 
o IFAD, 200 Via del Serafico, Rome, Italy 
4Sehool of Biclegical Sciences, University of Carterbury, 
Christchurch, New Zealand. ‘Center for international 
Environmental tat, 1350 Connecticut Avenue, NW, Suite 
1100, Washingten, DC, USA. Sinsiute Tor Human 
Development, New Delhi, ineia. "Communication and 
Innovation Stusies, Wageningen University Research, 
Wageningen, Netherlands. 


“author for coresponence. E:malt:ekiers@fabe 


Translating redirection of agricultural S&T into concrete approaches, 
arrangements, laws, and regulations. 


ment of the study, namely, the role of trans- 
genics, particularly genetically modified (GM) 
crops. The assessment, however, was tasked 
‘with appraising the contribution of a diversity 
of S&T approaches to the combined social, 
environmental, and production goals. GM tech- 
nology was not rejected in principle; the assess- 
‘ment found GM crops appropriate in some 
contexts, unpromising in others, and unproven, 
in many more. The potential of GM crops to 
serve the needs of the subsistence farmer is rec- 
ognized but this potential remains unfulfilled. 
No conclusive evidence was found that GM 
crops have so far offered solutions to the broader 
socioeconomic dilemmas faced by developing 
countries. Here, we, as IAASTD authors, sum- 
‘marize the wider key actions identified in the 
assessment and the solutions they offer. 
Redirection of agricultural S&T Inadequate 
attention has been devoted to the generation, 
dissemination, and uptake of S&T that ad- 


‘constrained dry lands and stress 
conditions. Except for the 
Consultative Group on Inter- 
national Agricultural Research 
(CGIAR) (19), few others have sought crop 
improvements in the small-grain cereals, 
tubers, and legumes cultivated by hundreds of 
millions of farmers. 

Will private sector companies lead this re- 
direction? There is plenty of scope for them to 
play a vital role, as they already dominate the 
research landscape. Private sector investments 
in agricultural research and development 
(R&D) reached more than $12 billion in 2000, 
30 times the budget of the entire CGIAR inter- 
national agricultural research system (20). A 
redirection of S&T is needed to move away 
from processes that have profited primarily 
large-scale enterprises to processes that ad- 
dress the most basic needs of the world’s 900 
million small farmers. The availability and 
cost of good-quality seed, especially in sub- 
‘Saharan Africa, pose real constraints for poor 
farmers (2/), as does severe soil degradation 
and post-harvest losses 
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All of these problems can be tackled with 
relatively simple technologies and investments. 
Evolving intellectual property rights (IPR) 
regimes to encourage Farmers’ entrepreneur- 
ship and initiatives to develop small seed com- 
panies can improve delivery of locally appro- 
priate seeds to poor farmers, not currently 
offered by the few companies dominating the 
global seed market (22). Reversing soil infertil- 
ity through use of locally available resources 
(eg. nitrogen-Fixing trees, indigenous rock 
phosphate) has increased food security for 
tens of thousands of Affican farmers (23). 
Recent research from the Food and Agriculture 
Organization of the United Nations (FAO) 
suggests that total milk spoilage, spillage, etc, 
in East Africa and the Near East costs small 
farmers $90 million/year. Dairy imports to 
the developing world, which increased 43% 
between 1998 and 2001, could have been sig- 
nificantly reduced with simple on-farm post- 
harvest technologies (24). Similar investments 
in affordable technologies (e.g, small metallic 
silos) could prevent rice post-harvest losses 
‘ranging between 8 and 26% in China (25). 

‘There isa need to capitalize on hurtan inge~ 
-nuity, deployed for centuries to solve agricul- 
‘tural challenges. Scientists at the African Rice 
Center are adapting the use of golden weaver 
ants (a centuries-old technology developed by 
farmers in Asia) as a pest control method, so 
‘West African mango producers can access 
profitable European markets (26). In some 
cases, existing small-scale farming systems 
‘have high water-, nutrient-, and energy-use 
efficiencies and conserve resources and biodi- 
versity without sacrificing yield. The extrapo- 
lation of these principles to larger-scale farm- 
ing is another critical research direction (2). 

Developing S&T to increase agricultural 
‘market access for rural communities is needed, 
including optimizing rural supply chains, 
increasing local addition of value, and simple, 
but effective, measures like enhancing market 
feeder roads. S&T has largely ignored using 
“wild” species as resource production systems, 
even though their positive impacts are clear 
(27). Such initiatives engage communities in 
decision-making processes while building pro- 
duction capacities. 

Innovation. Initiatives in which local com- 
munities effectively set the agenda, alongside 
S&T developers, have emerged in the last 
decade. Farmers and formal plant breeders in 
West Africa are creating rice varieties that 
compete effectively with weeds to relieve 
labor shortages, alongside dual-purpose cow- 
pea varieties with good yields followed by a 
green foliage harvest for livestock (28), and 
farmer-led seed multiplication strategies for 
stressful climate and economic conditions 
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(19). Examples from fisheries, rural energy, 
and agro-processing all abound. It is not the 
technologies that are innovative here, but the 
pathway to their development, which involves 
continuous on-site cycles of learning and 
change (27). 

‘The assessment’s message is clear: Inno- 
vation is more than invention. Success is not 
based on technological performance in isola- 
tion, but rather how technology builds know!- 
‘edge, networks, and capacity. Simply put, plant 
breeding and natural resource management 
practices are very “blunt tools for social 
change” (29); innovation demands sophisti- 
cated integration with local partners. 

Investment. The growth rate for investments 
inagricultural R&D declined during the 1990s, 
particularly for publicly fiznded agricultural 
R&D (30), despite research showing that 
investments in agricultural R&D are one of the 
‘most successful ways to alleviate hunger and 
poverty (31). Developed countries spend, on 
average, $5.16 on S&T for every $100 of agri- 
cultural output, whereas developing countries 
invest only $0.57 (20). 

Contimied S&T advancements need to be 
accompanied by investments in rural infra- 
structure (physical, market, and finance) and 
local governance (see table on page 320). 
Countries lagging behind in these investments, 
‘simply cannot compete in domestic or intema- 
tional markets. Investments that improve farm- 


‘well. A study of farmers in developing coun- 
tries showed that those who completed 4 years 
of elementary education had, on average, 8.7% 
higher productivity (32). 

‘Agricultural S&T, in and of itself, cannot 
solve structural inequities and may worsen 
them by reinforcing existing advantage; never- 
theless, S&T can help advance sustainability 
and development goals with policies and 
investments that support small-scale sectors. 
‘Small farmers in Zimbabwe grew over 90% 
of the commercial maize crop when markets 
and services were well organized (33), and 
‘Ghanaian cocoa farmers more than doubled 
their market sales in response to marketing 
reforms that left them 2hhigher profit share (34). 
In contrast, an overreliance on free market 
forces has led to suboptimal investment pat- 
tems. For instance, trade arrangements that 
‘open national agricultural markets to interna- 
tional competition before basic national institu 
tions and infrastructure are in place can under- 
‘mine local agricultural sectors (35). The most 
successful investments will increase the re- 
silience of local and global food systems to 
‘eavironmental and economic shocks. 
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MATHEMATICS 


Frustration in Complexity 


P-M. Binder 


efining complexity is frustrating. 

‘To some extent, paraphrasing Judge 

Potter Stewart, “Wwe know it when we 
see it” With no agreed-upon definition, 
researchers draw at different places the line 
that demarcates the limit with its illustrious 
predecessor, chaos: nonrepeating behavior 
with sensitive dependence to initial condi- 
tions. One common criterion is cooperative 
behavior: complicated global pattems emerg- 
ing from local or individual interaction rules 
between parts of a system. Buta more general 
view of complexity that includes all exam- 
ples—genetic algorithms, computers, the 
immune system, the brain, protein folding, the 
stock market, and systems that evolve and 
adapt (J-4)—points to the well-defined con- 
cept of frustration as a unifying theme. 

Consider three spins (which can point up 
cor down) placed at the vertices of a triangle, 
‘with the demand that all three be antialigned 
‘with each other. This is not possible, and we 
call such an arrangement “frustrated” (3) 
‘The dynamics is also frustrated; any spin flip 
will fix some of the unsatisfied demands 
while ruining others. The essence of com- 
plexity may lie here: A system without 
dynamical frustration will either settle to 
equilibrium or grow without bounds. In con- 
trast, even the simple pendulum is frustrated: 
‘The restoring force always opposes the direc 
tion of the displacement, producing endless 
oscillations. Let us look at three manifesta- 
tions of this phenomenon. 

First, the frustration may be geometrical 
in nature (see the figure, top panel). Con- 
sider, for example, mathematical “maps”— 
equations that take a number or point in 
space and repeatedly apply a mathematical 
rule to it, generating a sequence or trajec- 
tory. Such maps are among the simplest 
deterministic rules (dynamical systems) 
that can produce chaotic behavior (6, 7). 
Here, chaos is generated by the frustration 
between the tendencies of close trajectories 
to converge (folding) or diverge (stretching), 
giving the system an element of unpre- 
dictability. This dynamical frustration com- 
bined with determinism gives rise to the 
‘beautiful fractal objects such as the Lorenz 
attractor (see the figure, top panel). 
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Second, a system can have opposing ten- 
dencies at different scales: Cooperative 
behavior at large scales can oppose local 
behavior and generate complexity (see the 
figure, middle panel). Consider, for example, 
cellular automata, which are simple models of 
natural systems in which space, time, and the 
variable describing the local state of the sys- 
tem are all discontinuous. In some cellular 
‘automata (8), coherent structures much larger 
than the smallest units move and collide with 
other structures, either annihilating each other 
or giving rise to new structures. Such cellular 
automata have been used 
successfully to model 
fluid and traffic flow. 
In real life, mismatches 
between global funding 
and policies and individ- 
ual needs in health care 
and public education have 
‘been proposed as the root 
for the partial failure of 
both (9). In all the above, 
the dynamical frustration 
across scales generates 
‘complex behavior. Incon- 
trast, systems without dis- 
tinct coherent structures — 
such as critical points, 
sand piles, and forest fire 
models—are less complex. 

Scale frustration may 
also be introduced through 
imposed energy or fitness 
Jandscapes with peaks or 
valleys at many scales, 
such as those generated by 
spin glasses, protein fold- 
ing, the traveling sales- 
man problem, and other 
hard problems. A naive 
algorithm looking for an 
optimal solution cannot 
cope with this diversity. 
Inspired by biological 
evolution, scientists have 
developed adaptive strate- 
gies that operate at multi- 
ple scales by allowing 
replication, mutation, and 
recombination; these can 
explore complex land- 


Three manifestations of dynamical 
frustration. Top) Geometric frustration. 
ints schematic the oven attractor fa 
butterfly structure in three-dimensional_ 
phase space, corresponding tothe long- 
term behavior of a chaotic flow), we can 
see the interplay between srt 

ward spirals) and folding (arrows directed 
toward the two fixed points). (Middle) 
Scale trustation. The global motion is 
‘generally counteciocise, but parts of 
the system may rotate in the clocorise 
direction. (Bottom) Computational frus- 
‘tration. Through complex interactions 
between te infinite memory tape, the 
state transition rules of the comodting 
head, the back-and-forth motion (arrows), 
and the machine rewriting on the memory 
tape, @ Turing machine can perform 
extremely complex computations—or 
scapes more efficiently. may never stop computing. 


The common thread between all complex 
systems may not be cooperation but rather 
the irresolvable coexistence of opposing 
tendencies. 


Genetic algorithms (10), the best-known 
examples of adaptive strategies, are often con- 
sidered complex systems themselves. 

‘Third, the frustration can be computational 
(see the figure, bottom panel). Chomsky (J) 
proposed. hierarchy of increasingly powerful 
computing machines, with Turing machines at 
the top. Certain Turing machines are “univer- 
sal”—they can do all that modern computers 
can do, and can thus simulate any of the mod- 
els described so far. They can thus be con- 
sidered the most complex of all systems. 
Computers operate by reading an input, 
changing their state, and 
interacting with their own 
memory. Dynamical frus- 
tration increases along 
the hierarchy as computers 
spend more effort on mem- 
ory-related tasks. At its 
‘worst, a Turing machine can 
get caught in an infinite 
Joop and never finish a 
computation: the famous 
halting problem. 

These three manifesta- 
tions of dynamical frustra- 
tion are related. Certain cel- 
ular automata and maps are 
capable of universal compu- 
tation (J2), indicating that 
even simple dynamical sys- 
tems can be arbitrarily com- 
plex. Multiagent models 
can generate energy land- 
scapes for their own agents. 
Chaotic systems ean go on 
forever, but some complex 
systems better stop: The 
objective of the immune 
system is to quickly achieve 
homeostasis after an exter- 
nal invasion; successfal 
‘Turing computations halt 

‘Dynamical frustration is 
thus a plausible unifying 
thread for complex systems. 
‘Yet, the task of quantifying 
this concept in a way that 
includes its three (so far) 
manifestations is daunting. 
Fortunately, we have just 
seen indications that the 
three are not independent. 


(out- 
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“Moreover, critical systems and the pendulum 
show us that frustration is not enough. For the 
latter, nonlinearity and dimensionality play a 
role, In other cases, especially those involving 
irregular networks, connectivity can be an 
important ingredient (13). In stark contrast 
with the cooperative behavior view, multiple 
agents are not needed to generate complexity: 
one Turing machine or one low-dimensional 


appears as an unfi 
capable researchers are polishing and glu- 


ing the tiles that may turn it into the queen 
ofall sciences, the science of synthesis and 
surprise. As we realize how much every- 
thing is connected, both cooperation [or 
‘emergence (/4)] and dynamical frustration 
can become important tools for our under- 
standing of how the world works. 
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GEOSCIENCE 


Natural Complexity 


Nicholas W. Watkins and Mervyn P. Freeman 


arth is a complex system in which 
many biological and physical compo- 
‘nents interact across all space and time 
scales (/), To understand this system, earth 
scientists have traditionally built large, multi- 
component models. However, it is difficult to 
‘know when such @ model has become suffi- 
ciently detailed for its task and how confident 
one can be in its predictions. In a generic lin- 
ear system with feedbacks, Roe and Baker 
have shown that normally distributed feed- 
backs give rise to highly skewed distribution 
of responses, similar to thase seen for climate 
sensitivity in ensembles of global models 
(2,3)-Even relatively narrow ranges of uncer- 
tainty in the feedbacks can be amplified in the 
response. Thus, besides refining the feedback 
uncertainties in traditional earth system mod- 
els, scientists and policy-makers must explore 
complementary approaches to modeling, 
(One such avenue is based on the science of 
complexity, which describes systems with 
‘many strongly interacting parts, concentrating 
con how the parts connect. A particularly influ- 
ential strand of complexity science unites two 
ideas: universality (a given simple property 
arises in different complex systems) (4, 5) and 
emergence (complex behaviors arise from 
simple interaction rules) (6, 7). Emergence is 
seen, for example, in fish schools (see the fig- 
ure), which can be modeled using just three 
rules to show transitions from a stationary 
swarm via a torus to a parallel group (6). 
Collective effects like these and others in biol- 
‘ogy (7) resemble the critical phenomena that 
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‘occur when physical systems undergo phase 
transitions, for example, from solid to liquid. 
‘The physics of criticality has been arichsource 
of insight into emergence (4, 5.7, 8). 

Universality, by contrast, has roots in the 
19th century, when the ubiquity of the 
Gaussian (normal) probability distribution 
was recognized in many disciplines (4). 
‘Today, scientists are increasingly finding that 
‘non-Gaussian, in particular power law, proba- 
bility distributions are also widespread in 
nature (5, 8), giving rise to rare events with 
large impacts. Insights have again come from 
studies of critical phenomena, where power 
laws are known to be a direct result of the 
heightened sensitivity to random perturba- 
tions conferred by long-range correlations. 

Criticality-inspired investigations of nat- 
ure’s complexity have tended to measure uni- 
versality, typically via power laws, and to then 
infer the existence of emergence. Closing the 
Joop then requires development of a model, for 
‘example, the idea of preferential attachment by 
‘which popular Web pages attract proportion- 
ally more viewers, giving rise to highly skewed 
distributions of connections (8). In atmos- 
pheric science, long-range correlations in 
atmospheric temperature records on time 
scales up to a century have been inferred (9). 
‘The existence of such internal long-range cor- 
relation would cause variability at very long 
time scales and thns hamper the detection of 
externally forced climate change. In ecology, 
distributions in the durations of, or times 
or distances between, feeding of numerous 
species (including bumblebees and deer) have 
been reported to be highly skewed. This was 
attributed to optimal foraging strategies based 
on non-Gaussian random walks (10). 


The use of complexity-based approaches may 
help to advance our understanding of Earth as 
a system. 


Complexity explained. The behavior of fish schools and 
other natural systems can be understood through the con- 


epi of emergence anc universality, 


However, many different mechanisms 
can give rise to highly skewed distributions 
(5). It can also be very difficult to distin- 
guish between true long-range correlation 
and shorter-range mechanisms (11). This is 
a generic problem with measured fractals, 
which can typically only be observed over a 
narrow spatial range (12). Similar problems 
arise in ecology, where the inference of 
highly skewed distributions in foraging has 
been shown to be problematic when differ- 
ent candidate distributions are compared 
and the restricted observational range is 
allowed for (10). 

Despite these practical problems, the rapid 
recent developments in the theory of complex 
networks—that is, sets of interacting, linked 


18 APRIL 2008 


323 


| PERSPECTIVES 


324 


nodes in subject areas as diverse as mobile 
communications (cell phones), ecology (food 
webs), genomies, and the Internet—are in- 
dicative of how progress can be made. A key 
ingredient has been the willingness to modify 
initially proposed mechanisms in the light of 
rch new data sets. For example, recent work 
has demonstrated that the stability of food 
‘webs depends not on network complexity (or 
geometry) as such but on the overall pattem- 
ing of link strengths (/3). This work is the cul- 
‘mination of 20 years of theoretical and exper- 
imental work that increasingly took into 
account dynamic factors and the energy flow 
in food webs. 

‘To filly realize the potential of complexity 
science in environmental science, much more 
work is needed on distinguishing the complex 
(emergent) from the just complicated in the 
presence of many possible explanatory mod- 


els and imperfect data (5, 14). This will be 
aided by further development of other rigor- 
‘ous, objective measures (/4, 15) in addition to 
those inspired by critical phenomena. It may 
even be possible to quantify the onset of 
increasing complexity based on an analogy 
between criticality and fluid turbulence (16). 
If this analogy can also be applied success- 
fully to an ecological model, it would bea dra- 
‘matic example of how critical phenomena can 
‘inform earth system science. 
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APPLIED PHYSICS 


Graphene Nanoelectronics 


RM. Westervelt 
emiconductor technology has 
Ss us a long way by 
making devices of ever 
ler size. But eventually, as the 
transistors approach the size of 
molecules, quantum effects be- 
‘come important. What will then be 
the form of future nanoelectronic 
devices? Can quantum mechanics 
be used to control device opera- 
tion? And can they operate at rea- 
sonable temperatures? Nanoscale 
transistors made from graphene 
may provide ways to address these 
questions. On page 356 of this 
issue, Ponomarenko et al. (J) de- 
seribe graphene single-electron transistors 
etched to sizesas small as ~30 nm, which have 
‘quantum-confined energy states, and control 
the motion of single electrons (see the Figure). 
This complements investigations of single- 
electron transistors from graphene flakes (2), 
‘quantum interference devices (3), and ~200- 
nm etched graphene dots (4). 

Graphene is an unusually simple material 
\with startling new properties (5). It consists of 
single atomic layer of carbon atoms. One can 
prepare graphene sample by pulling an atomic 
layer off of a graphite crystal with a piece of 
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Contact fegions 


‘Guantim d8t 


Graphene devices. (Left) Scanning electron micogragh of a graphene-based sin 
gle-electran transistor. The dark areas are gaps in the photoresist mask where 
Graphene is removed by plasma etching. The small quantum dat in the center is con- 
nected to contact regions through narrow constrictions, and there are four side 
gates. (Right) Schematic showing a hypothetical graphene-based single-electron- 
transistor based on a quantum dot that contains only a few benzene rings. 


sticky tape, and then pressing the tape down, 
‘onto a silicon substrate. After pulling the tape 
five, small istands of graphene remain, recog- 
nizable with an optical microscope. Graphene 
layers are tough—the carbon atoms bind 
together in a hexagonal lattice—and can be 
fieely suspended over a trench in the substrate 
It is the behavior of electrons in single 
graphene layers (5~9) that is opening the way 
for new kinds of devices. Ina typical semicon- 
ductor, electrons and holes (the positively 
charged carriers) occupy the conduction and 
valence energy bands, respectively. A finite 
‘energy called the energy gap must be added to 
‘a particle to move it from the valence to the 
‘conductance band. Electrons and holes move 
like regular particles: They have a mass, their 


Graphene quantum dots offer a new approach 
to quantum nanoelectronics. 


speed increases ftom zero as 
they are accelerated, and their 
Kinetic energy is proportional 
to the square of their speed. In 
graphene, the behavior of elec- 
trons and holes is very differ 
ent: The particles move with a 
constant speed v,-that does not 
depend on their kinetic energy 
E-This is similar to the behav- 
ior of photons, which always 
travel at the speed of ight. In 
graphene, the speed of elec- 
trons and holes is slower than 
light by a factor of 300. 
Graphene also differs because 
there is no energy gap: The conduction and 
‘valence bands are shaped like an inverted pair 
of cones that meet in a single point at = 0 in 
‘momentum space. The relativistic form of 
the energy bands is new for solids, and it 
changes the rules that govern how electrons 
‘move through a graphene-based device, 
‘Novoselov et al. (8) found that one could 
‘control the carrier density in graphene in an 
‘umisual way. A positive gate voltage attracts 
electrons, so the Fermi energy lies at positive 
energies E > 0 in the cone-shaped conduction 
‘band. As the gate voltage is made less positive, 
the density of electrons decreases, but the con- 
ductance G does not fall to zero at E = 0, as it 
would in a normal semiconductor. Instead, it 
reaches a minimum value comparable to the 
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quantum of conductance G, = 2, where es 
the electron charge, and? is Planck's constant. 
Asthe gate voltage is moved to negative values, 
‘the conductance increases again, because holes 
are attracted. Because there is no energy gap, it 
is not possible to deplete the carriers com- 
pletely and drive the conductance to zero. New 
‘ways must then be found to make transistors. 

‘An even more unusual phenomenon 
occurs in graphene: The Klein paradox allows 
a relativistic particle to pass freely through @ 
tall barrier of great width (/0), whereas an 
ordinary particle would bounce backward, 
like a baseball after it hits a wall. As an elec- 
tron approaches a potential barrier created by 
«gate, or by charged traps in the substrate, the 
electron’s kinetic energy is reduced to zero as 
ithits the barrier. But instead of backscatter- 
ing the electron, as one would expect, the bar- 
rier converts the electron into a hole, which is 
then attracted to the barrier potential and 
moves forward freely. When the hole exits the 
far side of the barrier, it turns back into an 
electron. The Klein paradox allows electrons 
tomove through a graphene layer as if it were 
ideal. Graphene samples are not perfect, but 
are divided into pools of electrons or holes. 
Despite these imperfections, the charge carri- 
ers can move ~ 0,3 jim at room temperature 
with little scattering (5). This allows one to 
make ballistic transistors from such a simply 
prepared material. 

Electrons in graphene show strong quantum 
behavior, even at room temperature, in part 
‘becane oftheir freedom of motion. Inthe quan- 
tum Hall effect, the Hall conductance is quan- 
tized in integer multiples of G, To observe this 
effect, high quality samples, strong magnetic 
fields, and low temperatures ~4 K are usually 
needed. The quantum Hall effect has been 
observed in graphene (1/, 12}—the quality of 
the data is very high, despite the simple meth- 
ods used to produce the samples. Iti interest- 
ing that the quantization of Hall conductance 
steps is different for graphene: They are spaced 
by 4G, with the lowest steps at = 2G, These 
changesare caused by graphene’s unusual band 
structure in which the electrons and holes travel 
ata constant speed. Recently, the quantum Hall 
effect in graphene has been observed at room 
temperature (3), which demonstrates its 
potential for quantum devices 

‘The freedom of motion associated with the 
Klein paradox creates a problem: How does 
one confine charge carriers inside a device? A 
simple approach is to cut the graphene layer 
into the right shape, as for the quantum dot in 
the figure. Quantum confinement of electrons 
can also be used to control their motion. For 
example, a narrow ribbon of graphene (4) 
can effectively create an energy gap between 
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the electron and hole bands, the magnitude of 
the gap being inversely proportional tothe rib- 
‘bon width. With an energy gap, one can then 
deplete the carrier concentrations with a bar- 
rier or gate, as witha conventional device. 

‘A quantum dot created by etching a 
graphene layer is shown on the left in the 
figure. A pool of electrons is confined inside 
‘a graphene disc that is connected to its leads 
bby twonarrow constrictions; a graphene side 
gate is used to tune the dot charge. Because 
they are very narrow, the conductance of 
these constrictions can be reduced to values 
<Gy which allows the dat to trap individual 
electrons at low temperatures. In this re- 
gime, the quantum dot acts as a single-elec- 
tron transistor, and its conductance shows a 
periodic set of peaks as the gate voltage is, 
increased. By making very small graphene 
dots with sizes <100 nm, Pomonarenko et 
al, (1) were able to enter a regime where the 
‘conductance peaks are no longer periodic, 
but are instead controlled by the energy of 
the individual quantum states of electrons 
trapped inside. The measured energy distri- 
‘bution showed the electrons behaved as a 
chaotic quantum system (7), as one might 
expect fora dot that is not perfectly round. 
By etching the dots even smaller, they 
were able to achieve transistor operation at 
room temperature. 
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Graphene is an exciting new material 
with unusual properties that are promising 
for nanoelectronics. The carriers move 
freely, ignoring barriers created by imper- 
fections, and they show quantum effects at 
room temperature. Through advances in fab- 
rication and characterization building on 
those of Ponomarenko et al. (1), it may 
become possible to make quantum dots so 
small that they approach the molecular scale 
(see figure, right panel). The future should 
be very interesting. 
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MEDICINE 


The Ultimate Model Organism 


Atul J. Butte 


‘A deeper understanding of disease requires a database of human traits and disease states that is 


integrated with molecular information. 


}his month, the scientific community 

celebrates the 25th anniversary of 

‘GenBank, the open access database of 
DNA sequences and the molecules they 
encode. Herakled as one of the earliest bioin- 
formatics community projects, it has fueled 
‘our need to understand how this information 
canbe linked to physiology and disease. Since 
then, biocomputational, informatics, and sta- 
tistical methods have been used to relate 
‘sequences and molecules to diseases. But as, 
highlighted in meetings such as last month's 
‘Summit on Translational Bioinformatics (I), 
the same high-bandwidth measurement style 
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that has accelerated the molecular and genetic 
study of disease must be practiced in physiol- 
ogy if weare to gaina deeper understanding of 
normal and impaired health. 

Within the last 5 years, systematic studies 
‘on the commonalities (2) and differences (3) 
across diseases have shown that particular 
biological signaling pathways and modules 
share similar properties. Other studies have 
‘shown that diseases that resemble each other 
ccan share genes with variants (4, 5) or share 
‘genes coding for proteins that interact with 
each other (6). So many diseases have now 
been studied that publicly available data can 
be used to find genes with common changes 
in expression for each condition (7). 

‘The difficulty with interpreting such 
analyses lies with how diseases are defined. 
‘The definition of a disease is often specified 
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by a particular knowledge base and is thus 
subject to limitations and biases. For example, 
a network built from a knowledge base of 
monogenic diseases (those associated with a 
single gene) may not be generalizable to more 
common diseases caused by multiple genes 
(5). More recently described diseases, such as 
sudden infant death syndrome, may be less 
‘well characterized, so searches for gene vari- 
ants by matching syndromes through clinical 
descriptions could yield false-negative pre- 
dictions (6). In some studies, gene expression 
or genotyping samples are studied based on. 
clinical disease labeling by physicians, and 
thus, genes found to be “associated” with a 
condition donot yet fully explainthe observed. 
traits present ina disease. Moreover, there is a 
growing movement toward direct-to-con- 
sumer testing, with the promise that con- 
sumer-provided DNA samples could be used 
for genome-wide association studies. It 
remains to be seen how such samples can be 
analyzed when the “assignment” of pheno- 
type and disease is provided by a consumer. 

(On the other hand, parallel measurements 
ofphysiological variables have been success- 
fully linked to genetic markers in animal 
models of diseases, such as hypertension (8). 
‘These efforts have driven the organization of 
efforts such as the Physiome Project (9), an 
international collaboration to model the 
human body through computa- 
tional methods that integrate 
biochemical, biophysical, and 
anatomical information about 
cells, tissues, and organs. There 
have also been calls for a Human 
Phenome Project (10), whose 
goal is to establish databases of 
phenotypes that are associated 
with physiology, to determine 
theirrelation with genes and pro- 
teins, Data for some complex 
human physiological traits are 
already publicly available for 
analysis at resources such as 
PhysioNet (11). 

‘Yet, the current approach for ° 
defining phenotypes for molecu- 
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Normalized gene expression measurement 
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advantage of clinical measurements, which 
are born from physiological measurements. 
‘Enormous numbers of clinical tests are per- 
formed each year, and are increasingly being 
captured in electronic health records, along 
‘with patient interventions (medications or pro- 
cedures). These kinds of data could be used to 
answer basic biological questions (12, 13). 
Mathematical arrays of such data have already 
‘been assembled from hospital-based clinical 
measurements or epidemiological informa- 
tion and have successfully identified bio- 
markers for human maturation and aging (14, 
15). Connections between clinical Findings 
and molecular measurements can also now be 
tested across a large set of findings and mole- 
cules. For example, gene expression profiles 
of individual liver cancer samples have been 
predicted by prior radiological findings on 
abdominal computed tomography scans (/6). 

How can we take advantage of the pet- 
bytes of clinical measurements on patients 
for whom genetic or genomic measurements 
may not yet have been obtained? The same 
broad consideration across diseases used 
successfully in molecular studies could also 
be applied to clinical measurements. For 
example, suppose three diseases are sepa- 
rately considered by a quantitative clinical 
laboratory test measurement (obtained from 
an electronic health record), and a gene 


Disease 8 


Disease A 


20 
Normalized clinical laboratory measurement 


lar discovery is not adequate, and 
therefore, doesn’t optimize the 
use of physiological data. Pheno- 
types—traits ringing from height 
and weight to glucase metabo- 
lism, predisposition to disease, 
and behavioral characteristics— 
and their differences between 
individuals can be due to environ- 
‘mental influences and/or genetic 
‘variation. One solution for defin- 
ing richer phenotypes is to take 
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Information intersection. Three diseases may be separately con- 
sidered by a quantitative cinical laboratory test measurement and 
a gene expression measurement (from a public repository of gene 
expression) Associations can be discovered between molecular and 
Clinical measurements, even when these measurements are not 
‘made using the same samoles or patients. For example, Disease A, 
when studied across all patients and time points, shows a high aver 
age level ofa clinical test (re line), and a low level of a gene (blue 
line). The distribution of gene and clinical measurements are 
shown by samoling from both independent data sets (colored 
regions). The rend across the three diseases shown is that asa dis 
ease shows ess ofa clinical measurement in patients, i shows more 
expression ofa particular gene. 


expression measurement (from a public 
repository of gene expression data) (see the 
figure). Within a disease, the distribution of 
gene and clinical measurements can be 
shown, but whether the gene and clinical 
‘measurements correlate cannot be deter- 
mined, as the measurements were not taken 
from the same patients. But trends might be 
observed across the three diseases. For 
instance, as a disease shows more or less of 
clinical measurement in patients, microar- 
ray samples of the disease may show more 
or less expression of a particular gene. Thus, 
associations could be discovered between 
molecular and clinical measurements, even 
when these measurements are not made 
using the same samples or patients, Instead 
of studying samples or patients as data 
points in the traditional reductionist manner, 
‘one could study and plot diseases. 

But there are challenges to using clinical 
data as physiological measurements. Access 
{issues to patients’ private health information 
can dissuade basic researchers from using 
clinical measurements. Although patient data 
‘could be deidentified and patients approached 
forinformed consent, much clinical data exists 
as documents that are difficult to deidentify 
and/orsift through using automated processes. 
Even as these challenges are addressed, purely 
‘numerical quantitative clinicians measure- 
‘ments could be used to start, as these-are the 
easiestto deidentify and analyze. 

‘Whereas there are public international 
repositories for many molecular measure- 
‘ments, we do not yet have an equivalent for 
deidentified clinical measurements. There are 
suliplereasons for this. The fear that personal 
‘medical information could be inappropriately 
released is a powerfl disincentive for sharing. 
(Clinical data may also be viewed by clinicians 
and hospitals as a “trade secret,” and only 
recently are data on performance and quality 
being published. This fear could be averted if 
health care networks pooled deidentified data 
sets, thus deidentifying the source of care as 
‘well. Clinical researchers are also justifiably 
protective of the resources they create and 
‘might fear missing a discovery within their 
‘own patient cohort, Availability agreements 
could address retention of rights, intellectual 
property, and publication embargoes. Instead 
of viewing data availability asa disadvantage, 
clinical researchers and institutions should be 
‘encouraged to look at the success of resources 
such as GenBank to see how the public avail- 
ability of deidentified data can yield many 
more discoveries when shared. 

‘A population of well-supported and 
trained scientists and physicians must be 
‘nurtured to relate the enormity of physiologi- 
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cal and clinical measurements to molecular 
‘measurements. The multiscale models of 
health they build will finally yield an under- 
standing of disease that is more than just the 
sum of its parts. 
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CELL SIGNALING 


Wnt Moves Beyond the Canon 


Bruce Bowerman 


the cellular signaling pathways that re- 

spond to Wnts, a highly conserved fam- 

ily of secreted proteins, control numer- 
ous and different animal developmental 
processes, particularly those that govern cell 
fate and patterning. Offen, components of Wnt 
signaling pathways malfunction and foster 
deadly cancers (J). Although intensely studied, 
‘much about Wnt signaling remains enigmatic. 
‘Whereas most signaling events that target gene 
‘expression in response to Watare referred toas 
canonical pathways (the more commonly 
observed sequence of molecular events), non- 
canonical Wnt signaling often targets the 
cytoskeleton. On page 365 of this issue, Witze 
et al. (2) advance our understanding of a non- 
‘canonical Wnt signaling pathway (WntSa) that 
promotes the invasive migration of melanoma 
‘cancer cells. Their findings advance our under- 
standing of cancer metastasis and highlight the 
diversity of mechanisms through which Wat 
signals influence cells. 

‘The canonical Wat signaling pathway was 
deduced from genetic studies in the fruit fly 
Drosophila melanogaster and is widely con- 
served in other animals (/). Wnt binds to 
Frizzled, its transmembrane receptor, prompt- 
ing cytosolic Dishevelled proteins to prevent 
the otherwise constitutive proteolytic destruc- 
tion of another cytosolic protein, B-catenin. 
Stabilized B-catenin then transits to the 
nucleus, where it converts transcriptional 
repressors called T cell factors into activators, 
driving the expression of target genes that 
specify cell fate. By contrast, one cannot so 
easily summarize noncanonical Wat signal- 
ing, The best-understood example was discov- 
ered in Drasophila, where it polarizes epithe- 
lial cellsalong a common axis (3, 4). This pla- 
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A secreted protein associated with the 


irecting cell movement. Exposure of a melanoma cell to 
‘WtSa and a gradient of the chemokine CXCL12 polarizes the 
localization of the cell adhesion protein CAM and the 
‘ytosteleton (actomyosin) to averiapping regions that are dis 

tal to the Golgi, promoting migration toward the chemokine 
source, WntSa stimulates a noncanonical signaling pathway to 


metastasis of a melanoma harnesses cell 
‘adhesion proteins and the cytoskeleton to 
direct cell motility. 
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nar cell polarity requires the canonical Wnt 
signaling components Frizzled and Dishev- 
elled as well as proteins that do not participate 
in the canonical pathway. Although related 
signaling pathways that respond to Wnt influ- 
ence cell migration during early vertebrate 
‘embryogenesis (gastrulation), the full extent 
of their conservation remains unclear. More 
recently, genetic studies in the nematode 
Caenorhabditis elegans have identified non- 
canonical Wnt signaling pathways that bear 
little or no resemblance to the one that con- 
trols planar cell polarity (5-9). The only unify- 
ing theme is that all of these examples some- 
how differ from the canan. 

Nevertheless, a shared feature of many 
noncanonical Wat pathways is their targeting, 
of the cytoskeleton, with important implica~ 
tions for cancer. For example, expression of 
noncanonical WatSa correlates with metasta- 


wntSa pathway 


tic melanoma invasiveness in humans, and 
exposure to WntSa, but not other Wnts, pro- 
‘motes invasiveness in melanoma cell lines 
(10). Witze et al. investigated how WntSa 
polarizes the cytoskeleton to promote direc- 
tional motility in cultured melanoma cells. 
‘They show that this response is permissive, 
requiring an independent directional cue 
{a chemokine). Dispersed cells within a 
chemokine gradient require exposure to 
‘WatSa for polarization and migration, but 
‘exposure to WntSa alone has litte effect. 

‘To understand this noncanonical and per- 
missive response, Witze etal. used fixed- and 
live-cell imaging to examine the localization 
and movement of proteins within single cells 
shortly after exposure to WntSa. They exam- 
ined several proteins, including a melanoma 
cell adhesion molecule previously implicated 
in metastatic melanoma (J/), a Frizzled 
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receptor, and cytoskeletal components (actin 
microfilaments and a nonmuscle myosin, 
together called actomyosin). In response to 
‘Wnt5a, all ofthese proteins become polarized 
in overlapping bands within the trailing edge 
of migrating cells (see the figure). Polarized 
bands of ac-tomyosin contract to lift the trail- 
ing edge and, together with cell process 
extensions at the leading edge, promote 
migration toward a chemokine source. 

Multiple pulses of these transient polariza- 
tions occur within single cells over time. 

In exploring the signaling pathway that 
‘mediates this WntSa response, Witze etal. dis- 
covered that actin microfilaments and the cell 
adhesion protein depend on each other for 
polarized localization and that both are 
required for myosin polarization. Like some 
other noncanonical Wat pathways, the cyto- 
solic proteins Dishevelled and Protein Kinase 
C are required. But in contrast to noncanoni- 
cal pathways that influence actin through the 
small guanosine triphosphatase (GTPase) 
RhoA, Wnt5a acts through RhoB, which con- 
trols the movement of intracellular vesicles 
called endosomes. Furthermore, the authors 
observed an enrichment of multivesicular bod- 
ies at the polarized cell edge, and polarization 
required both the GTPase Rab (known to reg- 
ulate multivesicular body formation) and 
dynamin (known to control the formation of 
endosomes at the cell surface). Witze et al, also 
found that polarization of the cell adhesion 
protein occurs by its transit through the Golgi. 
‘The authors conclude that WntSa polarizes 
cells by promoting the recycling of membrane 


‘components to specific surface sites. The con- 
current or subsequent recruitment of acto- 
myosin and other factors to these sites defines 
the trailing edge of the cell and thus the direc- 
tion of migration. 

This admirably integrated view of both 
cell surface and actomyosin polarization 
raises important questions. For instance, it’s 
not clear how polarization of the membrane 
and cytoplasm are coupled, or how different 
proteins are targeted to the same sites. Also, 
how does WntSa signaling interface with the 
graded chemokine to ensure that polariza- 
tion occurs at cell surfaces distal to the 
chemokine source? Intriguingly, Witze et al. 
observed that some responding melanoma 
cells polarized in the opposite (proximal) 
direction. Both distal and proximal polariza- 
tions require WatSa, with a preponderance 
of distal events promoting migration toward 
the chemokine source. Thus, the chemokine 
and WntSa are more tightly coupled to the 
same axis than they are to the same direction 
along that axis. 

It is interesting to compare WntSa to other 
noncanonical Wnt signals that polarize single 
cells. One common theme is a requirement for 
actin. Actin microfilaments and myosin are 
required for planar cell polarity in Drosophila 
(3), and microfilaments are required in four- 
cell-stage C. elegans embryos for the Wnt- 
‘mediated induction of an asymmetric cell divi- 
sion that segregates endoderm from meso- 
derm (6). However, planar cell polarity 
acts through RhoA (8), whereas Wnt5a acts 
through RhoB. Furthermore, the C. elegans 


Wnt signal that segregates endoderm from 
mesoderm acts instructively and requires a 
permissive signal (a tyrosine kinase) (2), in 
contrast to the permissive action of WntSa in 
the presence of an instructive chemokine sig- 
nal. Once again, noncanonical Wnt pathways 
present a bewildering mix of similarities and 
differences. Appropriately, the Wnt field is 
evolving toward the use of individual pathway 
‘names based on key molecules and properties, 
and away from the historical distinction 
between canonical and noncanonical. Pre- 
sumably, as we learn to speak more clearly 
about different Wat pathways, we also will 
come to better understand their different 
molecular mechanisms of action. 
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MUSIC THEORY 


Geometrical Music Theory 


Rachel Wells Hall 


‘usic theorists normally use discrete 
‘mathematics, such as set and finite 
group theory, to describe musical 

relations; they also invoke geometry in model- 

ing musical objects such as chords, rhythms, 
and scales. However, no unified geometric 
perspective has hitherto emerged. On page 

346 of this issue, Callender et al. (7) demon- 

strate that many musical terms can be under- 

stood as expressing symmetries of n-dimen- 
sional space, where each dimension repre- 
sents a voice in the score. Identifying—gluing 
together—points related by these symmetries 
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produces exotic mathematical spaces (orb- 
ifolds) that subsume a large number of geo- 
‘metric models previously proposed. 

The use of mathematics to describe, ana- 
lyze, and create music goes back millennia. 
Mathematical questions have previously 
emerged in music theory that are appealing, 
nontrivial, and, in several cases, connected 
to other scientific fields, such as physics, 
dynamical systems, and crystallography (2-4). 
Math inspired composers such as Schoenberg, 
Messaien, and Xenakis; musical investiga- 
tions have even motivated mathematical dis- 
coveries (5). 

However, the geometrical music theory 
proposed by Callender et al. stands out 
both for the breadth of its musical implica- 


‘Musical operations, such as transpositions, 
«can be expressed as symmetries of n-dimen- 
sional space. 


tions and the depth of its mathematical con- 
tent. It suggests wealth of new techniques 
for studying music theoretical topics, 
including chord similarity and melodic 
contour, and provides attractive visualiza- 
tions of harmonic relationships. Although 
the authors” use of contemporary geometry 
departs from the discrete mathematics nor- 
mally used to describe music, they make a 
convincing argument for the validity of 
their models. 

‘Although most musicians are not mathe- 
maticians, both groups think in degrees of 
abstraction. Musie theorists invoke the mathe- 
‘matical concept of equivalence class—a set of 
‘objects that are“the same” ifwe ignore certain 
information—to describe these musical struc- 
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tures. For example, middle C is 
a particular pitch (frequency 
measured on a logarithmic 
scale), and the letter name (or 
pitch class) “C” refers to any 
pitch that is a whole number of 
octaves away from it. Any col- 
lection of C, E, and Gnotes isa 
(C major chord. 

Callender et al. (1) show 
that many musical 
describe equivalence classes 
under combinations of five 
basic OPTIC relations: octave 
shifts, permutation (reorder- 
ing), transposition (the relation 
between pitches sharing the 
same succession of intervals, 
regardless of their starting 
note), inversion (turning a se- 
quence upside down), and car- 
dinality equivalence (ignoring 
repetitions). The authors go 
beyond traditional music the- 
ory by showing that there are 
two distinct ways in which 
these symmetries can apply to 
chord progressions: uniformly, 
‘where the same symmetry ap- 
plies to each chord, and indi- 
vidually, where distinct sym- 
metry operations apply to the 
harmonies in a progression. 
This distinction allows Cal- 
lender et al. to formalize the 
relations among a large num- 
ber of musical terms as in table 
SI of their paper (I). 

Following Tymoczko’s pre- 
vious work (6), they develop 
geometrical models of these 
relations. Pitches correspond to real num- 
bers; each point in Euclidean n-dimensional 
space (that is, a space with no underlying 
curvature) represents a sequence of » 
pitches. Points near each other differ by 
microtones (for example, a C major chord 
played out of tune lies near an in-tune ver- 
sion) and are in this sense similar. 

With the exception of cardinality equi 
lence, each of the OPTIC relations corre- 
sponds to a symmetry group. For example, 
permuting the first two entries in a sequence 
is equivalent to reflection ina plane of m — 1 
dimensions (a hyperplane), and transposing 
a sequence is equivalent to a translation. 
Gluing together points in n-dimensional 
space on the basis of their memberships in 
equivalence classes creates families of quo- 
tient spaces, or orbifolds. Many of these 
mathematical spaces are geometrically and 
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topologically complex; they may be non- 
Euclidean, meaning that there may be more 
than one line connecting two points (see the 
figure). These features have musical ramifi- 
cations. Callender et al. provide a compre- 
hensive catalog of their geometrical spaces 
in table S2 (J). 

Distance and movement within these 
spaces have natural meanings. A musical score 
represents pitch vertically and time horizon- 
tally. Each vertical harmonic state (the notes 
played at one time) corresponds to a pitch 
sequence, ordered by instrumental voice; a 
score for m voices becomes a succession of 
points in n-dimensional space, where each 
coordinate tracks the melody sounded by an 
individual voice. Voice leadings—mappings 
between adjacent chords in a score—corre- 
spond to directed line segments connect 
harmonic states. The size of a voice leading 
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depends on the amount of 
vocal movement between 
states. Composers typically 
try to minimize this move- 
ment—a problem equivalent 
to finding the shortest path 
between two points 
Although the design of 
efficient voice leadings is cen- 
tral to traditional composi- 
tional practice, the systematic 
study of voice leading is com- 
paratively recent (7-10). Geo- 
metrical music theory essen- 
tially represents a voice lead- 
ing by a vector that connects a 
source chord to a target chord 
The authors show the musical 
distinction between individual 
and uniform applications of 
symmetries corresponds to 
the geometrical notion of a 
bundle, which allows them to 
define analogs of voice lead- 
ings between abstract musical 
objects such as major chords 
and minor chords. 
Geometrical music theory 
suggests new directions for 
research in traditional music 
theoretical topics, such a 
chord and voice leading simi- 
larity, and new tools for teach- 
ing and conceptualizing music, 
and will perhaps inspire com- 
posers. Moreover, one can 
envision practical applications 
of geometrical music theory, 
such as in the design of music 
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visualization tools, interactive 
musical toys, or even new 
musical instruments. 
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Qinghaosu (Artemisinin): 
The Price of Success 


N. J. White 


Artemisinin and its derivatives have become essential components of antimalarial treatment. 
‘These plant-derived peroxides are unique among antimalarial drugs in Killing the young 
intraerythrocytic malaria parasites, thereby preventing their development to more pathological 
‘mature stages. This results in rapid clinical and parasitological responses to treatment and 
life-saving benefit in severe malaria. Artemisinin combination treatments (ACTS) are now first-line 
drugs for uncomplicated falciparum malaria, but access to ACTS is still limited in most 
‘malaria-endemic countries. Improved agricultural practices, selection of high-yielding hybrids, 
‘microbial production, and the development of synthetic peroxides will lower prices. A global 
subsidy would make these drugs more affordable and available. ACTS are central to current 
‘malaria elimination initiatives, but there are concems that tolerance to artemisinins may be 


emerging in Cambodia. 


‘nthe fourth decade of the 17 century, Jesuits 

‘brought the bark of a Peruvian tree (later 

named Cinchona) to Europe. This provided 
for the first time a specific remedy for agues, 
periodic fevers that were prevalent throughout 
much of the continent, particularly in and 
around marshy areas (mal-aria or bad ait) In 
1880, Alphonse Laveran identified the intra- 
erythrocytic protozoan parasite that caused ma- 
laria. The Cinchona alkaloids (quinine, quinidine, 
cinchonidine, and cinchonine) were shown to 
amest the development of the malignant tertian 
‘malaria parasites (Plasmodium falciparian) atthe 
‘mature trophozoite stage (afer the first third of 
‘their 2-day intrerythrocytic life cycle) and thereby 
prevent their multiplication in the red blood ceils 
ig. 1). Today, the Cinchona alkaloids are giv 
ing way to the products of a ubiquitous annual 
shrub (4riemesia annua, ot huang hua hao, but 
offen called ginghao) (Fig. 2). 

‘The antimalarial properties of the traditional 
Chinese medicine qinghaosu (artemisinin) were 
discovered by Chinese scientists in 1971 who 
performed low temperature ethyl ether extric- 
tions of Artemesia arma. In a research effort, 
apparently prompted by the requests of Ho Chi 
Minh to Zhou En Lai for antimalarial drugs to 
protect his Vietnamese troops, the scientists iden- 
tified the active antimalarial principle, character 
{zed its physicochemical properties, conducted in 
‘vitro, animal, and human studies, and synthesized 
derivatives of the more potent dihydroartemisinin 
(DHA). Anemisinin was first announced to the 
rest of the wor'd in 1979 (J), At firs, biological 
chemists were puzzled by the apparent stability 
of the hitherto unknown 15-carbon (sesquiterpene) 
peroxide structure, A full chemical synthesis was 
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reported 4 years later (2), although, as for quinine, 
this remains too expensive for commercialization. 
‘Trials reporting efficacy in both uncomplicated and 
severe malaria soon followed (3, 4), but progress 
thereafter was slow. Instead of accepting the 
compounds the Chinese had developed, the 
World Health Organization (WHO)-Specia! 
Program for Research and Training in Tropical 
Diseases (TDR), the pharmaceutical industry, and 
the US. Army elected to develop their own com- 
‘pounds. Tame and money was wasted developing 
artemotil(arteethen), the ethyl ether of DHA, an 
oil-based formulation for intramuscular injection, 
‘which the Chinese scientists had discarded earlier 
in favor of the almost identical artemether (the 
methy! ether of DHA) (Fig. 3). Initially, the orally 
active compounds and the water soluble artesunate, 


‘which could be given intravenously, were 
ected entirely outside China, but with worsening 
resistance to all available antimalarials in Southeast 
Asia, researchers there began to investigate the 
compounds from China, and an increasing evi- 
dence base accumulated supporting the rapidity. 
reliability, and safety of these drugs in both un- 
complicated and severe malaria. The parent drug 
artemisinin was largely replaced by DHA and its 
derivatives artesunate and artemether, which have 
greater antimalarial activity (Fig. 2). Initially 
artemisinin and its derivatives were used as 
‘monotherapies, but it became gradually accepted 
that antimalarials, like antinuberculosis and anti- 
retroviral drugs, should be used in combination 
G, 9). A semisynthetic artemisinin derivative 
(antetinate) was developed, but was not taken 
beyond animal studies, and another (artemisone) 
isunder development. Aniflenc, a structurally dis- 
similar peroxide derivative of another Chinese 
plant (yinghaosu) was developed in the early 
1990s and proved an effective antimalarial in 
clinical tials, but it was eventually abandoned 
‘because of high production costs and lack of evi- 
ddent advantages over the artemisinin derivatives. 


Pharmacological Properties 
Artemisinins Kill nearly all of the asexual stages 
of parasite development in the blood (7), and also 
affect the sexual stages of P falcipanon (gameto- 
cytes), which transmit the infection to others (8), 
butthey do not affect pre erythrocytic development 
or the latent stages of P vivax and P ovale in the 
{iver (the hypnozoites). The mechanism of action 
of artemisinins remains uncertain. The integrity 
of the endoperoxide bridge is necessary (but not 
sufficient) for antimalarial activity. lon-dependent 
alkylation (principally by Fe"*) is a likely mode 
of action (9), and the sarcoplasmic endoplasmic 


Fig. 1. The intraerythrocytic ife cycle of P. falciparum. Parasitized red cells circulate forthe frst third of 
the 48-hour cyce and then sequester in capillaries and venules. Artemisinins inhibit development of a 
broader age range of the parasites than do quinine and other antimalarial drugs. The effect on the young 
rings prevents their development to the more pathological mature parasites that sequester. 
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reticulum calcium adenosine triphosphatase 
(PIATPase 6) has been proposed as the primary 
target (0), The tole of reactive decomposition 
intermediates such as carbon-centered fice radicals 
remains controversial. The report that P faleiparim 
parasites from French Guiana with point muta- 
tions in the gene encoding PfATPase 6 were 
relatively resistant to artemether seemed to have 
fulfilled the molecular Koch’s postulates for this 
target (11), but these findings have not yet been 
reproduced elsewhere. The synthetic peroxide 
trioxolanes, which are potent antimal 
to 3 orders of magnitude less active 
PIATPase 6 (12) 

Antemnisinin’s broad stage specificity of anti- 
‘malarial action (Fig. 1) has two therapeutic con 
sequences. Killing young circulating ring-stage 
parasites in P.faleiparon infections results in a 
‘more rapid reduction in parasitaemia compared 
with other antimalarials (Fig. 4) and reduces con- 
siderably the number of parasites that mature to 
sequester in and block capillaries and vemules 
(13, 14). This explains the napidity of clinical 
responses and the life-saving benefit in severe 
‘malaria compared with quinine (which does not 
stop sequestration because it kills parasites only 
after they have matured and adhered to vascular 
endothelium). Reducing gametocyte carriage d- 
rinishes the transmission potential ofthe treated 
infection, 

Arternisinin is eliminated by metabolic bio- 
transformation, predominantly by CYP 2B6, to 
inactive metabolites. The artemisinins are weak 
inducers of some important drug-metabolizing ex- 
zymes and agment their own clearance (15, 16) 
Aier om! or parenteral administration, artemether, 
artemotil, and artesunate are all converted back 
rpidly to DHA in vivo, which is then eliminated 
by glucuronidation with an elimination halflife 
of ~1 hour, both in healthy volunteers and in 
patients with malaria (Fig. 5). The broad stage 
specificity of action ensures that a single daily 
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2. Commercial cultivation of Artemisia annua (qinghao/huang hua hao) in China. 


administration is suficient for maximal kiling of 
sensitive pamsites. A 3-day artemisinin combi 
nation treatment (ACT) regimen provides anti- 
‘malarial activity for two asexual parasite cycles 
and results in a reduction by a factor of about 100 
‘million in parasite numbers within the infected 
Dotient—but this stil leaves up to 100,000 para- 
sites for the partner drug to remove, variably as. 
sSsted by the immume response (14), The anemisinin 
component of the ACT therefore reduces the 
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Fig. 3. Chemical structures. (Top) Artemisinin and its deriv- 
atives. 1, artemisinin; 2, artemether; 3, artemotil(arteether) 4, 
artesunate. (Bottom) The synthetic trioxolane OZ 277 (51). 


probability that 2 mutant resistant to the partner 
drug would arise fiom the primary infection, and, 
if elective, the partner should kill any artemisinin- 
resistant parasite that arose 
Artemisinins also have clinically important ac- 
against other parasites. They Kil the younger 
stages of trematodes and are effective in the treat- 
‘ment of schistosomiasis and fascioliasis and in 
animal mode!s of Clonorchis infections (17, 18) 
Their in vitro activity against other protozoa is 


REVI 


considerably Jess than against malaria parasites, 
although they might be of value in the treatment 
of African and South American trypanosomias! 
(G9), Avemisinins have ant-inflammatory proper- 
‘es and also inhibit angiogenesis and cell growth 
in several neoplastic cel lines, which suggests a 


potential role in cancer chemotherapy (20, 22). 


Artemisinin Combination Treatment 


‘When artemisinins are given alone, 7-day regimens 
are required to maximize cure rates. Adherence 
‘with 7-day treatment courses is poor, so the com 
bination partner in ACTS is usually a slowiy elim. 
{nated antimalarial drug. This allows a complete 
treatment course to be given in 3 days (22). The 
first ACT to be evaluated systematically was 
antesunate-mefloguine (3, 25), This was deployed 
{in 1994 on the northwest border of Thailand—an 
area of mefloquine resistant faliparumn malaria— 
and has retained efficacy over the subsequent 14 
years (24). The first fixed-dose ACT (artemether- 
{umefintrine) followed soon afterward. Other 
ACTS have combined anesunate with existing 
drugs (sulfadoxine pyrimethamine or amodiaquine) 
(6). Their evaluation (25) coincided with increas 
ing realization that, whereas mortality from most 
infectious diseases (with the exception of HIV- 
AIDS) was declining, malaria mortality was ris- 
ing (26, 27), This was attributed directly to the 
continued use of increasingly ineffective antima. 
Jarial drugs, mainly chloroquine and sulfadoxine 
pyrimethamine (SP). Where the partner drug had 
not already fallen to resistance, the new ACTs 
‘were effective and well tolerated, 
but they were more expensive than 
the failing monotherapies. 

“Malaria affects the poorest peo- 
ple in the poorest countries. Many 
affected people can barely afford 
the US $.10 equivalent to buy in 
effective chloroquine, Malaria con- 
trol activities are heavily dependent 
on aid, and initially this was. not 
forthcoming for the ACTs, so the 
necessary policy changes were de- 
layed (28). In the last few years, 
however, there has been a massive 
finerease in donor funding, spear- 
headed by the Global Fund to Fight 
AIDS, Tuberculosis, and Malar 
(GFATM), Politicians in temperate 
countries, whose constituents have 
Jong been free from the burden of 
malaria, began to appreciate the 
hhumanitarian and economic burden 
that malaria imposes on the developing world. At 
the end of 2007, Bill and Melinda Gates called 
for a sustained initiative to eliminate malaria. It 
haas taken a long time for the world to think posi- 
tively again about conquering malaria (24, 29, 30) 
afler the painful failure of the first global eradica 
‘ion campaign to eliminate the disease from the 
‘wopics. Whether malaria can and wil be eliminated 
‘fom high-transmission areas, where the vectorial 
capacity is enormous, remains to be Seen, but most 
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‘agree that falejpanim malaria elimination in many 
low and unstable transmission settings is feasible 
(these include much of Asia and South America 
and large areas of Atiica). Providing highly ef- 
fective treatment is an essential component of 
‘malaria control and is required for elimination. 
‘ACTS are now recommended by the WHO as 
the first-line treatment for al falciparum malaria 
{in malaria endemic countries. WHO recommends 
aiming for cure rates of 95%, assessed at 28 days, 
and changing antimalarial treatment policy if cure 
"ates are less than 90% (31). Artesunate-mefloquine 
and artemether-humefamtrine are reliably effica- 
cious everywhere except Westem Cambodia (32) 
‘Artesunate-amodiaguine and artesunate-SP give 
cure rates over 90% when cure rates with the 
corresponding monotherapies exceed 80% In low- 
‘transmission settings, where symptomatic infec- 
tions constitute a major source of transmission, 
ACTS reduce gametocyte carriage and, if widely 
deployed, reduce the incidence of falciparum 
malaria (24, 29, 30). The ACTs are also highly 
effective against infections caused by P vivax, 
P. malariae, and P. ovale (except for artesunate 
SP against antifol-resistant P vivax), but most 
people who need ACTS still do not receive them. 


Severe Malaria 


In the 1990s, several randomized tials were 
conducted that compared parenteral artemether 
with quinine. An individual patient data meta 
analysis of these trials did not show an overall 
difference in mortality between the two treat- 
‘ments, although in the prospectively defined sub- 
group of Southeast Asian adults, mortality was 
significantly lower in artemether recipients (33) 
‘The oil-based artemether is absorbed siowiy and 
cratically from intramuscular injection sites (Fig. 5), 
particularly in severely ill patients (34, 35). This 
pharmacokinetic disadvantage may have offset 
the intrinsic pharmacodynamic advantage of the 
artemether in killing malaria parasites. By con- 
‘rast, the Water-soluble artesunate can be given by 
bolus intravenous injection and is absorbed rap- 
{idly and reliably after intramuscular injection. In 
the largest prospective randomized study in se 
‘vere malaria (which enrolled 1461 patients), con- 
ducted in Southeast Asia, artesunate reduced the 
‘mortality of severe malaria from 22 to 15%—a 
33% reduction (36) (Fig. 6). Artesunate is now 
the treatment of choice for severe falciparum ma- 
laria in areas of low transmission (31). However, 
‘most deaths from severe malaria occur in or near 
home. If treatment were available close to home, 
then the lethal progression to severe malaria 
‘might be halted. A formulation of artesunate for 
rectal administration with ~$0% bioavailability 
{n acute malaria has been developed (37) that can 
be administered easily by a village health worker. 
In very large field studies, ithas proved safe, well 
tolerated, and effective. 


Safety and Efficacy 
‘The artemisinins have proved to be well toler- 
ated and safe drugs. They temporarily suppress 


cerythropoeiss, but this does not cause significant 
‘anemia. The only potentially serious adverse ef- 
fects are relatively umsual hypersensitivity re- 
actions (~1 in 3000 treatments) that manifest 
initially as urticaria. In experimental animals, 
sustained central nervous system exposure 10 
hhigh concentrations of the artemisinins produces 
‘an unusual selective pattem of damage to certain 
brain stem muciei, particulary those involved with 
hearing and balance (38). Experimental neuro- 
toxicity is therefore greater after intramuscular 
administration of high-dose oil-based artemether 
‘and artemotil, which are released slowly from the 
injection site, than with the same doses given 
‘orally (despite much higher peak concentrations) 
or the water-soluble artesunate given by any 
route (39). With the exception ofa much-debated 
case series (40), extensive clinical and neuro- 
physiological studies and a small series of neuro- 
‘Pathological evaluations have provided no evidence 
of neurotoxicity in humans (47-43). Although 
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Fig. 4. The pharmacodynamic properties of the antimalarial drugs 
in Vino assessed in terms of parasite dlearance (14). Shown are infections 
of 10 parasites corresponding to~2% parasitemia in an adutt. The 
horizontal dashed line is the threshold for microscopic detection. 
‘Weak antimalarials, such as many antibiotics with antimalarial prop- 
erties, produce parasite reduction ratios (PRR) of abouta factor of 10 
per asexual cycle, and therefore take weeks to eradicate an infection. 
‘Most antimalarials have PRR values of 100 to 1000 per cycle. The 
artemisinin derivatives are the most potent antimalarial drugs, with 
PRR values of ~10,000 per cycle, and therefore take only three to 
four cycles (6 to 8 days) to remove all the parasites from the blood. 


‘concems over potential neurotoxicity have re- 
ceded, the animal data do argue against using 
«artemsinins for prophylaxis or giving long courses 
of high-dose intramuscular artemether. The one 
‘unresolved safety concem is in the first trimester 
‘of pregnancy. When experimental animals are 
‘exposed to artemisinins during early pregnancy, 
fetal resorption may result. This results from tem- 
porary suppression of fetal erythropocisis caused 
by depletion of fetal erythroblasts (44, 45), 
Whether artemisinins could be teratogenic in 
‘humans has not been established. So, although 
there is increasing evidence of safety for the 


atemisnins in the second and third trimesters, 
these drugs are not recommended in the first 
tsimester except in severe malaria, where their 
lifesaving benefit to the mother outweighs the 
Putative risks tothe fens (31), 

In uncomplicated malaria, the safety, tole 
ability, and efficacy of ACTS is determined large- 
ly by the parmer drug, because the artemisinin 
component is very well tolerated and provides a 
fixed antimalarial effect. The WHO curently 
recommends four ACTS fartesunate-sulfadoxine- 
pytimethamine, artesunate-amodiaquine, artesunatc- 
rmefloquine and artemether-lumefutsine) and, 10 
ensue adherence to cominution treatment, encour 
ages the use of fxed-dose combinations (FDCs) 
GD. Dibydroartemisinin-piperaquine is another 
highiy effective FDC that is already used in sev- 
cera countries. Artesunate-pyronaridine is an FDC 
ACT in the later stages of development. Whereas 
ACTSs containing mefioquine, iumefantine, and 
piperaquine are effective nearly everywhere in 

the world, high levels of re- 
sisance to pyrimethamine, am- 
oodiaquine, and chlorproguanil, 
particularly in Asia and South 
America, limit the usefulness 
of ACTs containing these drugs. 


Resistance 
Because current antimalarial 
treatment is so dependent on 
artemisinins, there has been 
considerable concem that resist- 
ance would emerge to this class 
of drugs as it has to other classes 
of antimalarials. Reassuringly, it 
has proved difficult to induce 
stable high-level resistance to 
artemisinins in the laboratory. 
Rodent malarias with reductions 
in susceptibility by factors of 
510 10 have been selected, and 
Smilarreductions in susceptbility 
have been obtained by selection 
in P falciparum (46). Amplif: 

cation of Pindr] is associated 
With relatively small but signif- 
‘cant reductions in susceptibility 
to artemisinins. Most isolates of 
P falciparum are extremely sen- 
sitive to artemisinin and its 
derivatives; in vitro median in- 
hibitory concentration (ICs) values for diydro- 
artemisinin and artesunate are typically below 
10 nmol/L, with values for artemether that are 
usually 2 to 3 times as high, and for artemisinin 
5 to 10 times as high, Jambou et al. reported 
isolates from French Guiana with artemether 
ICsp values up to 117 nmol/L associated with 
‘mutations in PEATPase 6, Mutations in this gene 
are not associated with resistance in field iso 

lates from elsewhere or in the laboratory lines 
selected for resistance (1/). Yang etal, reported 
reduction by a factor of 3.3 in the susceptibility 
of P falciparum to artesunate between 1988 and 
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tivity against young ring stage 
parasites (14). Thus, there is a 
discrepancy between the in vitro 
and in vivo findings. Intensive 
studies are under way to assess 
the geographic extent of the prob- 
Jem, to characterize the in vivo 
and in vitro responses further and, 
if possible, to identify the mo- 
lecular basis of the artemisinin 
‘tolerant phenotype (49). 

In assessing possible artemi- 


Plasma concentration (nmoV/L) 


Fig. 5. Comparative pharmacokinets of intramuscular (.m) artesunate 
(2-4 mghkg),oralartesunate (4 mg/kg), and im. artemether @.2 mg/kg) 
in acute malaria. The plasma concentrations of the parent compound 
ate shown as a redline for im. artesunate, a red dashed line for oral, 
artesunate, and a blue line for im. artemether. The common active 
‘metabolite dihydroartemisinin is shown as gray or green lines. 


‘of the therapeutic response to 
these drugs needs to be comsid- 
ered. First, if the artemisinins 


‘compared with parasites isolated 
from successfilly treated infec 
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tests may be insensitive tothe early development 
of artemisinin resistance. 

Reducing Costs 

Antemisinin is extracted from the leaves of 
Artemisia annua, which rmist be planted each 
year. China and Vietnam are major producers, 
and in recent years production in Africa has been 
increasing. Temperature, humidity, and soil type 
all affect yields considerably, Antemisinin is 
reduced in a potentially explosive reaction to 
ddinydroartemisinin, which can then be converted 
to more heat-stable ethers (artemether, artemotil) 
or the succinate derivative (artesunate). While the 
market was small, prices were volatile, with 
prices for artemisinin ranging fom US $350 to 
$1700 per kilogram on world markets. In recent 
‘years, there has been an increase in agricultural 
production and improvements in horticulture and 
‘yields, The number of companies extracting 
artemisinin has risen from less than 20 to more 


1999 in Yunnan, Southwest China (47). This is a 
region where artemisinins have been used 
extensively for more than 20 years. More re- 
cently, studies from the Thai-Cambodian border 
have demonstrated reduced susceptibility to 
artemisinins both in-vitro and in vivo (48). This 
{s an area notorious as the epicenter ffom which 
chloroquine-resistant and later multidrug-resistant 
P. falciparum spread SO years ago. Treatment 
failure rates after artesunate-mefloquine and 
artemether-Iumefantrine in westem Cambodia of- 
ten exceed 10% (32), consistently higher than any- 
where else in the world. Although P falciparum 
is relatively resistant to meflo- 

quine and lumefantrine in this 
area, and this certainly contrib- 
utes to the high failure rates, 
there is concem that sensitivity 
to artemisinins may have de- 
clined as well. Anemisinins have 
been used in a variety of for- 
‘ulations and doses in westem 
Cambodia for approximately 
30 years, providing a cumula- 
tive exposure that may be more 
than anywhere else in the world. 
Although in vitro susceptibility Ey 
tests indicate arelative reduction 
{inartemisinin susceptibility, com- 
pared with most other regions 
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‘tons, they arent more resistant, 
‘The persistence of temporarily growth-amrested 
intraerythrocytic merozoites or young tropho- 
zoites, which can “awaken” from dormancy days 
‘or weeks later, provides a plausible explanation 
for this result (50). The biological basis for this 
phenomenon is not understood. Second, appar- 
cently slow parasite clearance has been observed 
in a small proportion of patients in most tials 
conducted in nonimmune patients. In patients 
‘who have undergone a previous splenectomy, 
dead intracrythrocytic parasites may persist for 
up to a month in the circulation, so reduced 
splenic phagocytic function might explain slow 


‘Antesunate 
Quinine 

cc Es ery 

Days after entry to study 


of the world, the parasite iso- 
lates studied from this region 
are not highly resistant (i.e., 
reductions in susceptibility by 


Fig. 6. Treatment with intravenous artesunate was associated with 2 
35% reduction in mortality from severe malaria compared with 
intravenous quinine in a randomized tial of 1461 adults and chil- 
dren in Southeast Asia (36). The vertical axis shoes the proportion of 
patients surviving. 


no more than a factor of 10). 
They are not more resistant in vitro than 
parasites isolated on the eastern and westem 
‘borders of Thailand, but in vivo the parasite 
clearance times in westem Cambodia are con- 
sistently longer than elsewhere (49). Rapid para- 
site clearance is the pharmacodynamic hallmark 
of the artemisinins, reflecting their unique ac 
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parasite clearamce in some cases (51). Thint, 
‘current in vitro susceptibility tests assess matura- 
tion to mature schizonts, or the production of 
proteins or mucicic acid, which is maximal in 
mature trophozoites, whereas accelerated parasite 
Cclearmce reflects drug effects on young circulat- 
ing ring stages of the parasite. Current in vitro 


market price of artemisinin ( 
costs, which can be less than US $1 for an adult 
treatment course. This is still approximately ten 
times as expensive as its synthetic predecessor 
chloroquine, and even chloroquine was unaffond- 
able for many, so there have been considerable 
price barriers to widespread use. Current initia- 
tives to reduce cost include () improvement in 
horticulture by fastirack selective breeding 
‘without genetic modification (53), (i) microbial 
synthesis of the artemisinin precursor artemisinic 
acid followed by chemical synthesis of artmnisinins 
(54, and Gi) development of fully synthetic 
antimalarial peroxides (55), 

The microbial production of artemisinin is 
expected to begin in 2010 with goals of pro- 
ducing artemisinin at US $100 per kilogram and 
‘enough medicine for 200 million treatments each 
year. A lange mumber of antimalarial peroxides 
hhave been synthesized over the past 15 years, but 
only one (OZ 277/ RBx-11160, Arterolane) en- 
tered clinical development (55). This tioxolane 
compound was orally bioavailable and highly 
potent, but its development was discontinued be- 
fore phase 3 clinical tials because of its instability 
{in blood. More stable peroxides are now in de- 
‘velopment, and hybrid trioxane-aminoquinoline 
molecules have been developed (trioxaguines), 
Which combine two mechanisms of action in a 
Single molecule (56). These are undoubtedly 
promising developments, and itis likely that one 
or more of these candidates will eventually 
realize the objective of an extremely low-cost, 
fully synthetic peroxide antimalarial 


Increasing Access 
‘Access to health care through the public sector in 
many tropical countries is inadequate, and for 
people with litle or no money, malaria medicines 
may be unaffordable. Most febrile illnesses are 
treated empirically without any diagnostic pro- 
cedure. Antimalarials are widely used commodi 
ties that can usually be purchased fram shops, in 
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the market, or from itinerant drug sellers, al- 
‘though in remote communities access to drugs is 
usually poor. The doses recommended are com- 
‘monly incomect, the quality of the drugs is often 
poor, and counterfeits are a major problem (57) 
Ineffective drugs are ofien purchased because 
they are less expensive, or an incomplete course 
of treatment is taken so that some tablets can be 
retained for the next febrile iliness. The net result 
{s both over- and undertreatment and increased 
selection pressure for the emergence and spread 
of resistance. Strengthening health service in- 
frastructures and increasing the provision of 
agnostics and effective treatment are vital com- 
ponents of current control efforts, but to reach 
‘most people in need, the availabilty of effective, 
affordable ACTs through the private sector also 
needs to be strengthened. In many malaria endemic 
countries, this is the main source of treatment. The 
Institute of Medicine reviewed the economics of 
antimalarial drugs and in 2004 concluded that the 
‘most effective way of increasing access to antima- 
Jari! drugs would be to ensure that quality-assured 
effective drugs (currently ACTs) were provided 
free to the public sector and were also made 
available in the market place at a price close to 
that of the now largely ineffective chloroquine 
(@bout US $.10 to $.20 fora treatment) (58). This 
‘would have the added advantages of reducing the 
financial incentives for incomplete treatment, 
outcompeting ineffective drugs while driving 
‘out more costly and less effective artemisinin 
monotherapies, and reducing considerably the 
{incentives to increasingly sophisticated and per- 
vasive counterfeiters (59). It was proposed that 
a central subsidy be provided by international 
donors. This concept was taken forward by the 
Roll Back Malaria (RBM) Finance and Resource 
‘Working Group and the Worid Bank. In November 
2007, the RBM boant endorsed the further devel- 
‘opment of an Affordable Medicines Facility for 
malaria (AMFm), a groundbreaking initiative to 
improve access to safe, effective, and affontable 
malaria medicines (60). It is expected that the 
AMFm will require US $14 to 1.9 billion in 


funding over $ years. This can be compared with 
cesimates of the costs of malaria: US $12 billion a 
Year in lost productivity in Aifica alone and, in 
countries with a very heavy malaria burden, as 
such as 40% of public health expenditure, 50% 
of inpatient admissions, and up to 60% of out- 
patient visits (6), It is defintely a price worth 
Paying. 
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The Movement of Aquatic Mercury 
Through Terrestrial Food Webs 


Daniel A. Cristol,* Rebecka L. Brasso, Anne M. Condon, Rachel E. Fovargue, Scott L. Friedman, 
Kelly K. Hallinger, Adrian P. Monroe, Ariel E. White 


‘ercury is a persistent contaminant that 
bbiomagnifies up the food web, caus- 

‘ng morality, reproductive failure, and. 

other health effects in predatory wildlife and 
Jnumans (J, 2), From 1930 to 1950, industrial mer- 
couric sulfite entered the South River, a tibutary of 
the Shenandoah River in Virginia (United States) 
(8) To determine whether this mercury contamina- 
tion had moved into the adjacent temestral food 
‘web, we analyzed total mercury concentrations in 
blood fiom adults of 13 temestrial- feeding bint 
species breeding within SO m of the river (4). We 
compared these to breeding adults of the same 
species at uncontaminated reference sites (Fig. 1A) 
‘Twelve species had significantly higher mercury 
than that found in individua's from reference sites 
(Fig. 1B and table $1), We sirmltancousty sampled 
adults of five bind species with direct dietary con- 
nections to the aquatic mercury; their mercury eon- 
centrations were also significantly elevated relative 
to reference birls (Fig, IB and table S1), With the 
exception of a duck species, al aquatic birds had 
blood mercury ringing from? to-4 parts per milion 
(ppm) (wet weight) about the level of adverse ef- 
fects (5). Two temestrial songbirds species, a wren 
and a vireo, had the highest blood mercury levels of 
any species, and a majority of temesrial-foeding binds 
‘were in the same range as aquatic-feeding species. 
‘We simultmeousty sampled feathers of three non- 
‘migratory terrestrial species that had molted locally 
about a year earlier. Whereas blood mercury reflects 
recent dietary intake, feathers indicate cumulative ex- 


r, 
X 


‘otal blood mercury (ppm) 


Fda 


posure; mercury can ony enter fathers while they ae 
‘gowing and connected to the blood supply. Wrens 
(Diyrothorus ludoviciarus) averaged 8.76 + 646 
(SD) ppm (x= 6), compared with 5.63 +2.12 ppm. 
for owis (n~5) and 238+ 131 ppm for woodpeckers 
(n= 10), all about twice the leve! of blood mercury. 

Weccollected prey delivered to nestlings of three 
songbird species at al of the contaminated study 
ses. None of the dict items was aquatic in origin. 
‘The most prevalent items in all three bird species’ 
diets were members of the onders Araneae (spiders), 
Lepidoptera (moths or caterpillars), and Onthopterae 
(grasshopper). Together these comprised >80% of 
the biomass (fresh weight) detiverod to nestings Fig. 
10) All thee temestial binds ate dicts of 20 0 30% 
spider biomass, Average total meray concentration, 
in spiders (— 101) was 124 147 ppm dry weight, 
‘compared with only 038 + 2.08 ppm for lepidop- 
terans (x 137) and 031 + 1.22 ppm for anhopterans 
(=50) Invertebrates collected smiia'y on reference 
‘sites contained negligible mercury (spiders, 0.05 = 
(0.03 ppm, n =25; lepidopterans, 0.02 + 0.64 ppm, 
‘n=20; onhopterans ll below detection lint 

‘Much of the mercury in the spiders was in the 
fom of highiy bioavailable methyimercury (49 = 
21%, n= 30), whereas invertebrates lower in the 
food web had less methyimercury (epidopterans 
24.20%, n= 22: orthopterans 38+ 24%, n=35), 
‘consistent with other reports (6). The spiders at our 
study site had higher total mercury than fish col 
lected from Kingfishers at the site (contaminated 
fish 0.73 + 1.76 ppm dry weight, n~21; reference 


* 
. 


fish, 0.15 + 0.09 ppm, n= 18), consistent with our 
observation that some terrestrial songbirds had 
higher mercury levels than fish-eating kingfishers. 

‘These resis show that any risk frorn mercury 
faced by the river's aquatic birds exists for birds in 
adjacent temestial habitats as well By preying on 
predatory invertebrates such as spiders, songbirds 
{increased the length of their food chains, increasing 
the opportunity for biomagnification. To asses the 
potential risk of aquatic mercury moving into tees- 
tral food webs, tis imperative to detemnine whether 
the methyimercury we observed in predatory in- 
vertebrates was transported directly tothe temestrial 
food web by emergent aquatic insects or had been 
deposited on the foodplain during histarical floods. 
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Fig. 1. (A) Map of study sites in which red circles indicate contaminated aquatic (blue) or terrestrial (green) organisms. Black squares are average mercury 
collection sites and green squares indicate uncontaminated sites. Aow indicates levels for same species at reference sites. (C) Percentage of diet composed of each 
‘mercury source. (B) Mean blood mercury for bird spedes primarily feeding on prey ype (blue diamonds) and mercury intake (red bas) fortwo wren species. 
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Phytoplankton Calcification in a 


High-CO, World 


M. Debora lglesias-Rodriguez,** Paul R. Halloran,2+ Rosalind E. M. Rickaby,? 
lan R. Hall,? Elena Colmenero-Hidalgo,*+ John R. Gittins,* Darryl R. H. Green,* 
Toby Tyrrell,” Samantha J. Gibbs,* Peter von Dassow,* Eric Rehm,> 


E. Virginia Armbrust, Karin P. Boessenkool 


Ocean acidification in response to 


ising atmospheric CO. partial pressures is widely expected 


to reduce calcification by marine organisms. From the mid-Mesozoic, coccolithophores have 
been major calcium carbonate producers in the world’s oceans, today accounting for about a 
third of the total marine CaCO production. Here, we present laboratory evidence that 
calcification and net primary production in the coccolithophore species Emiliania huxleyi are 
significantly increased by high CO- partial pressures. Field evidence from the deep ocean is 
consistent with these laboratory conclusions, indicating that over the past 220 years there has been 
40% increase in average coccolith mass. Our findings show that coccolithophores are already 
responding and will probably continue to respond to rising atmospheric CO> partial pressures, 
Which has important implications for biogeochemical modeling of future oceans and climate. 


Ihe climatological and ecological impacts 
‘of elevated atmospheric CO> partial pres- 
‘sures (Pco3) are two of the most pressing 

‘environmental concems of the present. One con- 

‘sequence of increasing Poo; in seawater is the 

formation of carbonic acid (H,CO;), which causes 

acidification. Carbonic acid combines with car 
bonate ions (CO;* ) and water molecules to form 
bicarbonate ions (HCO; ), reducing [CO3? ] and 
the ocean’s saturation state with respect to calcite 

(Q.cal), the form of calcium carbonate (CaCO3) 

produced by coccolithophores. Elevated Pco> 

also causes an increase in [HCO; ], the source 
of carbon for calcification in coccolithophores 

(Ca* + HCO; — CaCO; + CO; + H20) (2). 

‘Thus, calcification is probably affected by in- 

creasing Poo>. The precipitation from seawater of 

CaCOs, a basic substance, lowers pH. For this 

reason, and because a greater fraction of disso! 

‘inorganic carbon {DIC, the sum of HCO; , CO , 

and aqueous CO, [CO(ag)} is present as CO-Xaq) 

at low pH, the formation of CaCO; in seawater 
stimulates an increase in the concentration of 

COs(aq) and promotes its outgassing. Conse 

quently, a decrease in marine calcification with- 

‘out a concomitant decrease in organic carbon 

export would lead to an increased drawdown of 

atmospheric CO>. 
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Revent evidence suggests that the increased 
absorption of CO; by the oceans, asa result of an- 
thropogenic CO; release, will result in decreased 
calcification by corals (2), foraminifera (3), and 
‘coccolithophores (4-6), However, it has recently 
been shown that different coccolithophore spe- 
ies exhibit different calcification responses. Un- 
der increased Pco>, a decrease in calcification has 
‘been observed for Emiliania uteyi and Geplaro- 
capsa oceanica (4-6); a ie calcification 
change with rising Poo; for Coccolithus pelagicus 
(7j;and an increase followed by a decrease in cal- 
‘ification with rising Pco>, with respect to present- 
day Peo, for Calcidiscus leptoporus (7). Most of 
these experiments used semicontimious cultures, in 
‘which the carbonate system was modified by the 
addition of acid and/or base to contro! pH (4, 5, 7). 
Seawater pH controls the relative proportion of 
the carbonate species while the concentration of 
DIC remains constant. A more realistic representa- 
tion of the ocean response to anthropogenic change 
is the bubbling of CO;enriched air through the 
seawater, both elevating [DIC] and decreasing 
PH. Recent studies with various organisms show 
calcification to be largely controlled by al, rath- 
er than pH alone (7, 8), and Q-cal is controlled by 
both [DIC] and pH. Between the years 1800 and 
2100, seawater pH is likely to fall from 8.2 to 78 
(Q). Achieving the required pH by CO, bubbling 
induces a greater percentage increase in [HCO ] 
than when the same pH reduction is achieved 
through acid addition (which doesnotaffect[DICD. 
Therefore, to investigate calcification under future 
CO; soxnaros, itis important to comectly simulate 
[HCO, } 

‘We designed experiments that accurately rep- 
resent projections of the future carbonate system, 
and assessed the natural response of cocoolitho- 
hores in the sedimentary record to infer these 
relationships over the past two centuries. Labora- 


tory experiments tested the effect of increasing 
Poo, on calcification and other physiological pa- 
rameters in the globally important coccolithophore 
species E. huacleyi. We then considered the lab- 
oratory results in the context of afield study, using 
sediment material from the box core RAPID 21- 
12-B (20) to examine assemblagewide changes in 
cocooiith mass over the past ~220 years in response 
toanthropogenic CO, release. 

Culture experiments. We conducted batch 
incubations with exponentially growing cells of 
the coccolithophore species E: huxleyi (11). Com- 
mercially manufactured air containing different 
Poo, was bubbled through the culture medium. 
to adjust the Poo, of cultures from preindustrial 
levels [280 parts per million by volume (ppmv) 
‘of CO;] up to the level predicted by one scenario 
for the end of the 21st century (750 pmv of CO;) 
(22). Our results suggest a doubling of particu. 
late inorganic carbon (PIC) and particulate or. 
ganic carbon (POC) production at 750 ppmnv of 
(C02, Between 280 and 490 ppmy, carbon metab- 
lism remained broadly similar. In contrast, be- 
tween 490 and 750 ppmy, both cellular PIC and 
POC and their production rates increased signif- 
icantly (Fig. 1 and table SI). Growth rates were 
substantially lower at 750 ppmy of CO, as com- 
pared with 280, 300, and 490 ppm of CO; (Fig, 
1 and table S1). In parallel to the increases in 
POC and PIC production, analyses of particle 
counts and volumes (Coulter counter and flow cy- 
tometry analysis) were conducted in a subset of 
experiments. These analyses demonstrated thatthe 
volumes of both coccospheres (protoplast and cal- 
cium carbonate plates or eoceoliths) and coccoliths 
{increased withrising Pco,,followingasimilartrend 
in PIC and POC (Fig. 2 and Table 1). Therange of 
coccolith volumes comparable to that reported in 
response to changing nutrient availability and salin- 
ity (13). Flow cytometry data indicated that the 
PIC increase in the medium under high Pco2 was 
ddue to both an increase in the volume of calcite 
within the coccospheres and an increase in the 
production of detached coocoliths (Table 1), Seann- 
{ng electron micrographs of cells did not reveal 
apparent malformation or dissolution of coccoliths 
under any of the experimental Poo, conditions 
Fig. 2). Physiological changes related to increased 
PIC and POC production were not accompanied 
by alterations in the photochemical efficiency of 
photosystem II [the ratio of the variable-t- 
‘maximum fluorescence (Fv-Fm) ~ 048] (14), a8- 
sesed using fast repetition rate uorometry (FRRF) 
(@4, indicating that cells remained “photo- 
synthetically healthy” in all experiments (Fig. 1). 

A key factor determining whether coccolitho- 
phore production represents anet source or sink of 
CO; to the atmosphere is whether the cacification- 
to-photosynthesis ratio is greater of less than 1.5 
(5, 16), The coincident increase in both PIC and 
POC production per cell in all the Peo. treatments 
resulted in a stable PIC:POC ratio of less than 1, 
although interactions with other climate-driven 
parameters may affect the observed trends. Our 
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Fig. 1. Cellular PIC (A), POC (B), PIC production 
rates (C), POC production rates (D), C:N ratios (ED, 
PIC:POC ratios (F), growth rates (G), and Fv-Fm (H) 
for E. huxleyi cultures under different Pco>. Each 
color represents one independent experiment. 
Significant increases with rising Peop were observed 
for PIC (Fag = 24.14, P < 0.002), POC (Fes 
10.23, P= 0.002), PIC production Fz15=5.94,P = 
0.004), POC production (Fz.5 = 4.52, P = 0.028), 
and growth rate 15 =3.92, P= 0.021) (table S2). 
Differences between the treatments of 600 and 750 
mv of CO; were significant for PIC (P= 0.002) but 
‘nonsignificant (P > 0.05) forall other parameters. 
Cellular PIC and POC were comparable at 280, 300, 
and 490 ppmv of CO>. Above 490 ppmv of CO>, 
cellular PIC and POC increased significantly, by 80 
and 90% respectively at 600 ppm of CO2, and by a 
further 48 and 45% respectively at 750 ppmv of 
CO. Variation in PIC and POC production rates 
between 280 and 490 ppmv was not significant 
(table $1). Between 490 and 600 ppmv of CO:, PIC 
and POC production rates increased by approxi- 
mately 44 and 81%, respectively, and these were 
approximately 30 and 18% higher at 750 than at 
£600 ppmv of COs. Growth rates were significantly 
lower at 750 ppm of CO> as compared with 280, 
300, and 490 ppm of CO,. Differences in PIC:POC 
under the different Pro» treatments were nonsig- 
nificant (Fag = 1.22, P = 0.368) (table S1). The CN 
values increased from 6.8 at 280 ppmv of CO» to 
83 at 750 ppmv of CO>. Fv:Fm values were com- 
parable in all Pco> treatments. The shaded area 
Tepresents putative Pco, during the PETM [lower- 
end estimates of Pco> were based on stomatal index 
and boron isotopes, data compiled in (38) 


results suggest that levels of Poo. and al cor 
responding to projections for the end of this cen 
tury are unlikely to affect the metabolic balance 
between organic carbon fixation and calcite pre 
cipitation in E, axeyi. 

‘We measured the ratios of POC to particulate 
organic nitrogen (C:N) to assess whether the ele 
‘mental composition of the organic material was 
additionally affected by changing Poo. Variations 
in the elemental stoichiometry of phytoplankton 
areknown to have an effect on trophic interactions, 
because the dietary value of prey items for marine 
zooplankton varies with the C:N ratio (17). Pre- 
vious studies have reported changes in the elemen- 
tal composition of diatoms in response to variations 
in Poo, (18). The CN ratios in E ue increased 
fiom 68 to 83 with rising Peo» between 280 and 
750 ppm of CO: (Fig. 1). These results indi 
that the Poo: could affect the grazing selection 
pressure on phytoplankton, representing different 
“food” qualities. Grazing selection has many bio- 
geochemical consequences and in particular impli- 
cations for the export fux of carbon (27). 

Our data show that Q-cal ranged from 53 at 
280 ppmv of CO; to 2.6 at 750 ppmv of CO>, cor 
responding to an average total alkalinity of 2292 
eq liter * (Table 2), Q-cal values were within the 
range of those for most ofthe upper-ocean regions, 
and well above 1, the threshold value below which 
dissolution would occur. In this pH rage, less 
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Fig. 2. Coccolith volume and CaCO per cell Increasing coccolith volume is closely coupled with 
increasing CaCO; per cell, indicating down-core measurement of coccolith mass to be representative of 
CaCO; production. Scanning electron microscope (SEM) images show typical coccoliths from each 
culture with Peo. values from 280 to 750 ppm of CO2, of where the measured volume was converted 
‘to length using the formula for a heavily calcified coccolith (27). 


than 10% of the DIC in the medium was taken up 
by the proliferating cells (Table 2) Comparing 
these values with those inthe comsponding blanks 
(without E Jueleyi cells) shows that cell physiol- 
ogy caused a shift in pH of less than 0.04 units in 
all experiments (Table 2). The pH values of the 


cultures incubated at 280 and 750 ppmv of CO2 
ranged between 8.1 and 7:7 (comesponding to 9.5 
uM CO, and 25.1 iM CO2, respectively). These 
changes did not affect the photosynthetic health of 
cells (Fig. 1), which implies our pH conditions 
‘were within the tolerance levels of E fucdeyi. A 
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similar conclusion was reached in (19), where pH 
values within the range of those measured here 
did not suppress calcification. Our results are un- 
likely to be due to the physiological traits of a 
particular strain of E. huxleyi, because we ob- 
served the same effects on calcification and or- 
ganic carbon production in another calcifying 
strain of E, hncleyi (61/12/4, Marine Biological 
Association, Plymouth, UK) 

Down-core observations. In light of our lab- 
oratory results, which show a comelated increase 
in PIC and coccolith size with elevated Pop, we 
investigated the response of a natural coccolitho- 
phore assemblage at high latnude to anthropogenic 
ean acidification since the Industrial Revolution. 
‘We developed a method that can estimate the av- 
erage mass of calcite per coceolith across multiple 
coccolithophore taxa (1). This technique was ap- 
plied to material from the box core RAPID 21-12B 
(67°27.09N, 27°54.53'W), situated at 2630 m 
‘water depth in the subpolar North Atantic. Core 
RAPID 21-12-B contains unprecedented open- 
ocean sedimentation rates of 23 mm year’ 
spanning the time interval from 1780 to 2004 CE. 
(20), which allows a detailed view of coccolith 
formation over the Anthropocene period, the 
petiod of anthropogenic CO> release 

Sediment was filtered at 10 um to obtain the 
coceolith fraction, excluding larger carbonate 
grains (12) (fig. S1). The mass of calcite in two 
subsamples at each depth was measured in tip- 
Jicate, and the number of CaCOs particles between 
(0.63 and 10 um [reasonably assumed to be cocco- 
liths (20, 2D} was counted nine times with an 
electrical resistance pulse detectr (Coulter counter). 
Measurements were made before and after the 
addition of acid to account for the non-CaCO, 
component of the sediment. An upper detection 
limit of 10 jum was chosen to focus observations 
on particles with cohesive behavior and to avoid 
sampling the drift component of the sediment (22). 
‘This method excludes coceoliths with a diameter 
>10um. Only coccoliths of C.pelagicus braarudii 
‘were consistently >10 jim and were correspond- 
ingly excluded from the species counts. This ap- 
proach measures the average mass of calcite per 
coccolith, which integrates any change in CaCO; 
‘mass due to variations in the assemblage and to 
{ntraspecies shifts in coccolith mass. To examine 
whether changes in species composition could 
account for the observed trend, coccolith assem- 
blages were counted under alight microscope, fl 
lowing standard techniques for preparation by 
setting (23), No significant tend in species com- 
position (Fig. 3) nor estimated species mass 
contribution (fig. $2) was observed. Dividing au- 
tomated particle counts by sample weights before 
and after the removal of CaCO; by dissolution, 
and subtracting postdissolution measurements 
from predissolution measurements, not only 
mpidly provided average mass data on a large 
number of coccoliths (average sample counts 
were ~80,000 CaCO3 particles), but was also 
sensitive to volume changes in the cocoolith in any 
dimension. 


‘The average mass of CaCOs per coceotith 
increased from 1.08 x 10 to LSS x 10" g 
between 1780 and the modem day (Fig. 4), with 
‘an accelerated increase over recent decades (fig. 
3). Evidence s building that coccoliths are more 
resistant to dissolution than are planktonic fo- 


raminifera (24) and that they remain pristine 
‘when exposed to fuids in the pH range of 6 to 8 
(25). In agreement with these observations, the 
absence of any down-core trend in coccolith 
species abundance in RAPID 21-12-B, despite 
the presence of taxa exhibiting a range of suscep- 


Table 1. Coccosphere and coccolith volumes of E. huxleyi cells under different Po, measured using 
a Coulter counter and flow cytometer. t tests of pairwise comparisons of the mean coccosphere and 
coccolith volumes measured by Coulter counter gave P values below 0.01 for all the pairwise 
‘comparisons. Side scatter (here in relative units, normalized to the side scatter of 34m internal 
bead standards) correlates strongly with the cellular calcification of E. huxleyi (39), whereas forward 
scatter correlates with coccosphere size. Comparison of forward-scatter volume before and after 
acidification indicates that the differences in volume among the different Pco. were due both to the 
‘amount of calcite and to the size of the organic protoplast. The difference between Coulter counter 
vversus flow cytometer volume measurements may be an effect of the different ways that the volume 
is calculated by these two instruments (electronically versus optically). nd, not determined. 


Coulter counter Flow cytometer 
pcre Coccosphere Average 
Ange pre SEBS maser amber of 
ress Cae cocolith (ate wy 3- volume detached 
ie volume paet before/after coccoliths 
qm’) at acidification per 
qm) (relative >) Sh 
ea (um coccosphere 
280.00 55.44 109 3.86 115/66.1 B2 
30379 45.95, 84 3.84 aus7.4 103 
499.18 65.13, un 3.89 123/63.6 242 
595.09 55.23, 184 nd nd nd 
75025 69.33, 186 4.05 155/77.4 80.3 


Table 2. Carbonate chemistry in E. huxleyi cultures corresponding to different CO2 scenarios from 
preindustrial time to projections for the end of this century (11). For each parameter, the numbers 
in the first row represent average values measured in the exponential growth phase, the numbers in 
the second row represent the blank values at the beginning of the experiment, and the values in the 
third row correspond to 1 SD of three samples. 


Parameter Preindustrial Circa 1930-2035 2060 2100 
Peo3 (ppm) 280.0 3038 489.2 595.1 750.2 
268.2 3263 5248 726.2 aaa 
03 02 35 92 3.0 
[c0,1 (umot liter) 95 102 16.4 99 254 
9.0 10.9 76 203 282 
0.0 00 on 03 on 
[COs (mot Biter” 227 2159 1573 124 1085, 
248.0 216.4 1577 123.3 110.0 
03 00 08 14 oa 
{DIC} (amot iter) 1906.9 19235 2016.7 = 1848.1. 2028.9 
19526 19932 2086.4 © 2136.1. 2162.6 
o7 06 10 11 0.2 
[HOST umol tite) 16747 16982 18430 1716.0 18953 
1699.6 17658 1112 1988.4 2024.4 
03 06 a7 22 04 
Qale 534 5.16 377 269 2.60 
5.85 5.19 3.78 2.96 2.64 
0.00 0.00 0.02 0.03 0.01 
pH as a3 7.96 7.85 19 
8.19 B12 795 7.82 wm 
0.00 0.00 0.00 0.01 0.00 
Aleatinity (ueq titer) 22203 22249 22276 = 1995.9 2161.7 
2294.0 2928 22946 © 22883 2291.6 
12 06 03 13 04 
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tibilities to dissolution, indicates that our observed 
{increase in coccolith mass cannot be accounted 
{for by changing species compositions ar dissolu- 
tion effects (26) 

The increase of ~4.5 pg in the average mass 
of CaCO; per coccolith since ~1960, as indicated 
by the smoothed least-squares curve in Fig. 4, 
coincides with rising atmospheric Poo, and is 
consistent in direction and relative magnitude 
‘with changes demonstrated here using laboratory 
experiments with £. Jnexdeyi under furure CO3 se- 
narios. On average, 75% by mass of the <10-j1m 
calcite (calculated by multiplying coccolth counts 
by typical coocolith volumes) at site RAPID 21- 


100 


Relative species % 


1800 


1850 1900 


12-B constintes coceoliths of only two taxa, C. 
elagicus pelagicus and Cakcidiscus leptoporss, 
‘and just 32% comes from E Jaacleyi (Bg. S2) 
‘Typical coccolths of the massive C. pelagicus 
pelagicus and Cakidiscus leptopores species are 
approximately 15 and 7 times the average pre-1960 
‘coccolith mass, respectively (27), and C. pelagicus 
pelagicus aione would require a <S% increase in 
cocoolith mass (equivalent to a ~0.25m diam- 
‘eter increase) to account for the entire observed 
‘cocoolith mass change, which is wel within present- 
day variability (27). Therefore, because changes 
in the average coccolith mass can be dominated 
by only a small number of heavily calcifying spe- 


1950 2000 


‘Age (calendar years AD.) 


3, Relative percentage abundance of coccoliths of each species in RAPID 21-12-8 counted under a 
light microscope. No long-term trend in species composition was observed, indicating little or no 


species response to anthropogenic forcing. Stasis in the species composition, as would be expected 
considering the small temperature variation over this interval, implies that the core material i 


unaffected by dis 


ution (26), which was confirmed by SEM examination. The observed species 


assemblage is consistent with those published for other central subpolar Atlantic sites (27, 29). 


Fig. 4. Average mass of 
CaCO; per coccolith in 
core RAPID 21-12-8 and 
atmospheric CO>. The av- 
erage mass of CaCO per 
coccolith in core RAPID 
21-12-8 (open circles) in- 
creased from 1.08 x 10"** 
10.155 x 10-**g between 
11780 and the modem day, 
with an accelerated in- 
crease over recent decades. 
‘The increase in average coc- 
colith mass correlates with 
‘ising atmospheric Pa, a5 
recorded in the Siple ice 
core (gray circles) (26) and 
instrumentally at Mauna 
loa (black circles) (38), 
every 10th and Sth data 
point shown, respectively. 
Error bars represent 1 SD 
as calculated from repti- 


8 


2 


2 


‘Average coccolith mass (x10) 


100, (pps) 


‘Age (calendar years AD) 


cate analyses, Samples with a standard deviation greater than 0.05 were discarded. The smoothed curve for 
‘the average coccolith mass was calculated using a 20% locally weighted least-squares error method. 
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ies its quite possible thatthe global calcification 
response may vary greatly with coccolithophore 
species assemblage in altemative oceanic regimes 
However, the dominance of C. pelagicus pelagi- 
‘cus over the sedimentary calcite mass observed in 
this cores typical within the North Antic (27-29), 
and therefore our findings probably represent a 
regional response, the response of a basin highly 
sensitive to anthropogenic CO production (9). If 
species other than E. fetleyi also exhibit a con- 
comitant increase in PIC and POC production 
with rising CO as demonstrated here for E nexeyi, 
there would be no net change in this ratio with 
time, but we cannot quantify this ratio without a 
recon! of total organic carbon production. Never- 
theless, a potential consequence of increasing cal- 
cifcation is a greater removal of POC from the 
surface waters because of increased ballast effects 
(BO), although it is inconclusive whether of to 
‘what degree increased CaCO ballast would favor 
a relative increase in POC export (31). 
Discussion. Deiving into the geological re- 
cond potentially provides additional insight into 
coceolithophore response to elevated Pto>. Pres- 
cervation of calcareous namofossils relies on a 
buffering of the ©-cal by vertical migration of the 
cakite compensation depth (CCD), the depth at 
which the rate of calcte input from surface wa- 
ters equals the rate of dissolution. On time scales 
of >10,000 years, the CCD buffer keeps Q-cal 
relatively constant (32); however, on shorter time 
scales there have been intervals in the geological 
post where the CCD has temporally shoaled, sug- 
gesting ocean acidification and transient decreases 
{in carbonate saturation, The most widely studied 
of these intervals isthe Paleocene Eocene Thenmal 
Maximum (PETM, ~55 million years ago) (33) 
CCacareous nannofossil records suggest no obvious 
reduction in their abundance, shifts in distribution, 
or evolutionary bias attributable to ocean acidif- 
cation during the PETM (34), The pH and Peo; 
reached in our culture experiments are within est- 
ses of those indicated for the PETM (Fig. 1), 
and our laboratory and field results are again con- 
stent wit the lack of evidence fora change in sami- 
ration state being detriment! to coccolithophores. 
Our single-species culnure experiments and 
high-latitude assemblage records suggest that in a 
scenario where the Poo. in the world’s oceans 
increases to 750 ppm, coccolithophores will 
double their rate of calcification and photosynthesis 
Gf ecosystem processes allow the survival of 
similar numbers of larger coccolithophore cells in 
the fire). Given that coccolithophores are a 
major contributor [about 50% (35)] to the open- 
‘ocean carbonate pump, but a much smaller con- 
tuibutor [about 10% (36)] tothe soft-tissue pump, 
‘we expect a disproportionate impact on overall 
community rates of calcification. Our exper- 
{iments were conducted on £; fueleyi, which forms 
blooms at high latinades that provide a snapshot of| 
the response of E, ineleyi to Pcos under nutrient- 
replete conditions, Previous work using chemostat 
cultures under mutrentimiting conditions (37) 
showed that increasing Po resulted in a decrease 
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fn net calcification rate and gross community 
production but had no noticeable effect on the 
ratio of calcification to photosynthesis. Other spe- 
cies need to be investigated in light of the var- 
iability encountered in response to changing Pco> 
between coocolithophore species that are repre- 
sentative of low and mid-lattudes (25) 

Future research is needed to fully constrain 
‘productivity changes over the Anthropocene pe- 
riod, extend our understanding of calcification 
changes at different latitudes and in different 
‘ocean basins, and quantify how changing ballast 
will affect export production. The widely held 
assumption that all coccolithophores will decrease 
their calcification under elevated Pt, needs 
reappraisal in the ight of our laboratory and field 
observations that demonstrate enhanced PIC pro- 
duction and cell size under high Pe02 conditions 
and the resilience of calcifying phytoplankton in 
the geological record (34). Our analyses are high- 
ly relevant to ocean biogeochemical modeling 
studies and underline the physiological and 
ecological versatility of coccolithophores and their 
evolutionary adaptation through changes in ocean 
carbonate chemistry associated with past and 
projected Pco; levels. 
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The Global Circulation of Seasonal 
Influenza A (H3N2) Viruses 
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‘Antigenic and genetic analysis of the hemagglutinin of ~13,000 human influenza A (H3N2) 


viruses from six continents during 2002-2007 revealed that there was continuous circulation in 
east and Southeast Asia (E-SE Asia) via a region-wide network of temporally overlapping epidemics 
‘and that epidemics in the temperate regions were seeded from this network each year. Seed strains 
‘generally first reached Oceania, North America, and Europe, and later South America. This evidence 
suggests that once A (H3N2) viruses leave E-SE Asia, they are unlikely to contribute to long-term 
viral evolution. If the trends observed during this period are an accurate representation of overall 
patterns of spread, then the antigenic characteristics of A (H3N2) viruses outside E-SE Asia may 
be forecast each year based on surveillance within E-SE Asia, with consequent improvements 


to vaccine strain selection. 


‘nfluenza A (HBN2) virus is curently the ma- 
Jor cause of human influenza morbidity and 
mortality woridwide. On average, influenza 

‘Viruses infect S to 15% of the global population, 

resulting in ~$00,000 deaths annually (1). De- 

spite substantial progress in many areas of infiu- 

‘enza research, questions such as when and to 

what extent the vinis will change antigenically, 

and to what extent viruses spread globally, re- 
main unanswered. A fundamental issue behind 
these questions is whether epidemics are the con- 


sequence of low-level persistence of vinuses from 
the previous epidemic or whether they are seeded 
‘fom epidemics in other regions and, if so, from 
where (2-8). 

Addressing these issues of local persistence 
and global spread is vitally important for designing 
optimal surveillance and control strategies. If epi- 
demics were regularly seeded from an outside re- 
gon and if the source region of seed strains could 
be identified, it may be possible to forecast which 
variants would appear in epidemics in seeded 
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regions and, consequently, to optimize vaccine 
strain selection, Aematively, if viruses persist with- 
fn a region, evolve, and reemerge to cause the next 
epidemic, intervention strategies targeting vinus 
Greatation between epidemics might be effective 
in minimizing subsequent epidemics. 

‘The eight gene segments of influenza A viruses 
reassort, leading to complicated phylogenetic 
pattems at the genomic scale (4, &-10). The gene 
segment coding for the hemagglutinin (HA) is of 
‘major importance because the HA. protein is the 
primary target of the protective immmune response. 
Consequently, the HA is the focus of public health 
surveillance and the primary component of cur- 
rently licensed influenza vaccines. We used anti- 
genic and genetic analyses of the HA as a marker 
to investigate the global evolution and epidemio!- 
ay of influenza A (H3N2) viruses from 2002 to 
2007 and to determine whether influenza epidem- 
‘cs arise from locally persisting strains or whether 
epidemics are seeded from other regions. 


Antigenic Evolution 
Antigenic cartography has shown that the ant 
genic evolution of A (H3N2) virus, since its ap- 
pearance in humans in 1968, can be represented 
by a two-dimensional (2D) antigenic map (11) 
‘Since 2002, the antigenic evolution of A (H3N2) 
viruses has roughly followed a line away from 
the A/Sydney/5/1997-lke vinuses that predomi- 
nated in 1998 through the A/Fujian/441/2002- 
like viruses to the A,Califomia/7/2004 like viruses 
to the A/Wisconsin/67/2005-like strains that pre- 
dominated in 2006 and 2007. Figure 1A uses this 
directional bias to make a 2D plot to show spatial 
antigenic evolution and epidemiology in one plot. 
Previously, Smith ef al. (11) showed that, from. 
1968 to 2003, the antigenic evolution of A (H3N2) 
virus was punctuated: Periods of relative stasis 
lasting from 3 to 8 years were followed by rapid 
antigenic change, resulting in transitions to new 
antigenic clusters that necessitated an update of 
the influenza virus vaccine strain. During this 
time, several clusters also exhibited intracluster 
antigenic evolution, necessitating a within-cluster 
update of the vaccine strain. We find a similar 
pattem of intracluster antigenic evolution from 
2002 to 2007. During this time, antigenic evo- 
lution progressed away from A/Sydiney/5/1997 at 
an average rate of 2.13 antigenic units per year 
ig. 1A). A distance of two antigenic units, 
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representing a fourfold difference in hemaggiuti- 
nation inhibition (HI) assay titer, is generally 
considered as a sufficient antigenic difference to 
‘warrant a vaccine update. The A (H3N2) compo- 
nent of the infiuenza vaccine was updated four 
times during this period. A core component of 
‘vaccine strain selection involves identifying emerg- 
ing antigenic variants. If an emenging variant is 
judged likely to cause epidemics in the upcoming 
{influenza season, the vaccine is updated to con- 
tain a representative of the new strain. 

‘We find differences in the amount of antigenic 
‘variation seen during an epidemic in different re- 
gions and fiom year to year in the same region 
(ig. 1A). Despite such spatial and temporal heter- 
‘opencites, the antigenic evolution has been marked- 
Jy homogeneous on a global scale. An explanation 
for this homogeneity could be that viruses circu- 
late globally rather than persist and evolve locally. 

To search for global pattems in the source of 
emerging variants, we measured which regions 
‘were leading or trailing antigenically and found 
that, from 2002 to 2007, newiy emerged strains 
ofthe A (HBN2) subtype appeared in E-SE Asian 
‘countries, on average, ~6 to 9 months earlier than 
they appeared in other regions, with long delays 
to South America, typically of an additional ~6 to 
‘9:months (Fig. 2A). Though A (HBN2) viruses in 
E-SE Asian countries are on average more anti- 
genically advanced, there is sufficient variability 
{from season to season (colored circies in Fig. 2A) 
such that no one particular country in the region is 
consistently most advanced. Thailand, Malaysia, 
and Japan are exceptions to the Asia-leading pat- 
tem, being less antigenically advanced than the 
restof the region. 

(One interpretation ofthis Asia-leading pattern 
{is that new variants emerge firs in E-SE Asia and 
subsequently seed other regions of the world. An 
altemative but more complex explanation is that 
this pattem is the product of independent local 
persistence in multiple regions and paralle! evo- 
lution in which similar antigenic variants emerge 
independently worldwide as a result of similar 
selection pressures. To test between these two 
interpretations, we must answer the fundamental 
long-standing question of whether influenza vi- 
ruses persist in a region, and could thus undergo 
pparalle! evolution, or whether regions are regu- 
Jarly seeded from extemal regions. 

About 10% of the ~13,000 A (H3N2) viruses 
analyzed antigenically were also analyzed genet- 
ically by sequencing the HA1 domain of the he- 
‘agglutinin (/2). This subset was a representative 
‘sample ofall ~13,000 isolates (fg. S1B) and thus 
‘was suitable for investigating the ancestry of srains 
and the fundamental issue of local persistence ver- 
‘sus seeding in the global circulation of A (H3N2) 
vintses. The genetic progression over time (Fig. 1B) 
shows similar average pattems to the antigenic 
data, with Asia leading [as previously shown for 
‘Taiwan (13)] and South America trailing (Fig. 2, 
A and B). However, there were important differ- 
‘ences (China in 2005 and Oceania in 2005). For 
{influenza vaccine strain selection, genetic-antigenic 
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differences are resolved in favor of the antigenic 
data, because the humoral immune system “sees” 
the virus phenotype, not the genotype. 


Persistence Versus Seeding 
Source of inter-epidemic strains. The simplest 
test of persistence versus sceding is to examine 
the origin of strains isolated between epidemics, 
If viruses persist locally, at least some of the 
{nter-epidemic strains would be descended from, 
and thus more closely related to, strains from the 
previous epidemic than to strains from outside 
the region. Alternatively if there was no persist 
ence, inter-epidemic strains would be more sim- 
ilar to strains from elsewhere. 

We sequenced the HAI domains of $2 inter- 
epidemic stains isolated in Oceania (primarily 
Australia and New Zealand), North America, and 
Japan from June 2002 to September 2006. None 
of these inter epidemic strains was more similar 
to strains fom the previous local epidemic than 
to extemally circulating strains (Fig. 3). This re- 
sult is evidence for extemal seeding and against 
local persistence. 

Even when done well, inter epidemic surveil- 
Jance yields relatively small amounts of data that 
can never completely rule out the existence of 
local virus persistence between epidemics, espe- 
Gilly of any low-pathogenic variants that pro- 
duce subclinical infections. The test described in 
the next section has the advantage of using all 
available sequence data rather than being limited 
tointer-epidemic data. Nevertheless all tests must 
take into account the effects of extemal introduc- 
tions during local epidemics (14), 

Evolutionary relationship of strains from one 
epidemic to the next in a region. As described 
by Nelson et al. (4,8), if epidemic strains persist 
locally and give rise to the next local epidemic, 
those strains should be more closely related to one 
another than to strains isolated in other regions, 
and aphylogenetic tee of the data would look like 
that depicted in fig. S2A. Conversely, if epidemics 
were seeded from outside a region, the epidemic 
strains would be more similar to contemporary 
strains from outside that region than to strains 
from the previous local epidemic (fig. S2B). 

Following the methodology of Nelson ef al. 
G, 8), we constructed a phylogenetic tree of the 
HAL domain of the hemagglutinin fiom the se- 
quenced subset of the global surveillance data (Fig. 
IC and fig. S3A). In this tre, the HAI of the 
vinuses in each epidemic in a temperate region 
(our in Noth America, five in Oceania, four in 
Europe, and four in Japan) and each epidemic in a 
subtropical region (three in Hong Kong) descended 
from extemally circulating strains, not from stains 
{in the previous local epidemic (Fig. 1, C and D) 
‘The topology of this tree is more similar to that in 
fig. S2B than to that in fig. S2A. This result is also 
evidence for extemal seeding and against persist- 
ence. For other regions, including most tropical 
and subtropical regions, there were fewer se- 
quences, and it was not possible to conclusively 
differentiate between persistence and seeding. 
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Fig. 1. Global patterns in antigenic and genetic 
‘evolution over time. (A) Antigenic distance from Ay 
‘Sydney/S/1997 virus of all isolates plotted agains time 
of isolation. One unit of antigenic distance corresponds, 
to. twofold dilution of antiserum in the HI assay. Each 
‘point corresponds to a laboratory-confirmed influenza 
‘A (H3N2) folate, with the color of the point inicating 
‘the region of eoaraphic origin asshown in (E. The thick black line i the best-fit statistical model (a loess spine) fitted through all datapoints to show the trend overtime. 
Points in advance ofthe spine are antigenically advanced, whereas strains behind the spine are antigenically lagging. (B) Genetic version of (AD for all sequenced strains 
with distance measured tothe root, AMWuhan/359/1995, of a maximum likelihood nucleotide phylogenetic tree (). The thick black line isthe same as in (A) but for the 
genetic data. (C Phylogenetic tree of HA1 nucleotide sequences color-coded by geographic origin (2, including strain names and isolation dates. We constructed the 
intial tree with the Phyitl software package vesion 2.4.5 (38), with 1567 nucleatide sequences (12) and AWuhan/359/1995 as the root, using GTR+ H+ the general 
time-reversible model with the proportion of invariant sites and the gamma distribution of among site rate variation with four rate categories estimated from the empirical 
data) [determined by ModelTest(39)] as the evolutionary model GARLI version 0.951 (40) was run on the best tree from Phyl fortwo milion generations to optimize 
‘ree topology and branch lengths. Figure S3A provides a “zoomable” version of this image. (D) Partial detail of (0. (E) Color-coded geographic setting for (A) to (0). 
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‘This evidence for extemal seeding and against 
persistence agrees with full-genome analyses of 
‘New York state, Australia, and New Zealand dat 
that show global migration of A (H3N2) viruses 
rather than local persistence (4, 8-10, 15). In ad- 
dition, Nelson et al (8) find evidence compatible 
‘with either northem-to-southem hemisphere mi- 
gration or migration from tropical regions, in- 
cluding Southeast Asia. 

Source of Seeding 

Given this evidence for seeding and against local 
persistence, we are left withthe interpretation that 
the E-SE Asia-leading pattem (Fig. 2, A and B) 
{implies that new variants emerge first in E-SE 
‘Asia and then seed the rest of the world. The 
phylogenetic tree provides further evidence to 


A 


‘support this interpretation, showing that the an- 
‘cestors of strains in temperate regions typically 
‘originate in E-SE Asia, with the “unk” of the 
phylogenetic tre typically occupied by E-SE Asian 
strains (Fig. 1, Cand D) and with, on average, 
E-SE Asian strains closer to the trmk (P<0.001) 
than strains from all other regions (Fig. 2C). 

‘The above analyses, in addition to being evi- 
dence for an “out of E-SE Asis” hypothesis, are 
also evidence against several other long-standing 
‘unresolved hypotheses for the global circulation 
of influenza viruses, as follows. 

(Out-of- China. If China alone were the source 
‘of all new variants and effectively seeded the rest 
of the world (6), then Chinese strains would be 
@ closer to the trunk than strains from all other 
regions each year and (i) consistently antigeni- 


Fig. 2. Evolutionarily leading and trailing regions. (A) Black circles indicate the average antigenic 
distance to the spline of Fig. 1A forall strains isolated in a region, and the thin horizontal black line 
indicates the SEM. Colored circles split this overall average by epidemic; circle color indicates time. The 
spline can also be interpreted as a function of time; thus, time is shown as a second x axis. (B) Similar to 
(A) but based on genetic distance to spline from Fig. 18. (C) Genetic distance to trunk of the phylogenetic 
‘ree by region and season. We algorithmically defined the trunk of the tree in Fig. 1¢ (14) and calculated 
the tree distance of each strain to the trunk. Average distance to trunk was calculated per region and per 
season. The black circles indicate the overall average per region, the thin horizontal black line indicates. 
‘the SEM, and colored circles indicate seasonal averages. The mean for ESE Asia is different from that of 
Oceania (? < 0.00001), North America (P < 0.001), Europe (P < 0.01), and South Ameria (P < 0.0001). 
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cally and genetically advanced relative to strains 
from other regions, both of which we do not find 
(Fg. 2). Commensurate with previousty published 
studies, we find new variants are sometimes frst 
detected in China (15, 17, 18); however, we also 
find that new variants are sometimes first detected 
{in other countries in E-SE Asia (Fig. 2). 

‘Out-of-ropics. in this hypothesis, epidemics 
{in regions outside the tropics are seeded from the 
topics (7, 19) If tue, A (H3N2) viruses would 
need to circulate continually in the tropics and 
would give rise to one of two evolutionary 
pattems. One pattem would arise if tropical Asia, 
Africa, and South America were well connected 
epidemiotogically to one another; in this case, 
al three regions would be similarly antigenical- 
ly and genetically advanced and closer to the 
‘unk than nontropical regions. The other pattem 
would arise if the three tropical regions were 
poorly connected epidemiologically to one an- 
other, in this case, there would be independent 
‘genetic Hneages for each tropical region. There is 
currently not enough data to include tropical 
Africa inthis analysis. However, for tropical Asia 
and South America, neither of these patterns is 
observed (Figs. 1C and 2 and fig. S3A) (/-. 

Seeding by strains moving between the north- 
em and southern hemispheres. If this hypothesis 
were tue, then each year epidemics in the 
northem hemisphere would be seeded by viruses 
from epidemics in the southem hemisphere and 
vice versa (20-22), The phylogenetic tree for the 
HAI domain (Fig. 1C and fig. $3A) shows no 
evidence for epidemic strains in the northern hemni- 
sphere being descendant from strains epidemic in 
‘South America or Affica. The tree shows limited 
evidence for Oceania playing a role in seeding a 
‘minority of epidemics in the northem hemisphere 
(ZA but at a level insufficient to support this 
hypothesis as the dominant mechanism of the 
giobal circulation of influenza vinses, This 
hypothesis also fails to explain how viruses from 
Asia, which is almost entirely contained within 
the northem hemisphere, lead antigenically and 
genetically and are closest to the trunk of the 
phylogenetic tree. 

Local persistence with seeding onty at cluster 
transitions. Though there was no major cluster 
transition during our study period, there has been 
an average of 2.13 units of antigenic evolution 
cach year. Even so, in temperate regions, no local 
persistence could be detected, and each epidemic 
wwas seeded by exogenous strains. The drift vari- 
ants observed in this study have emerged from 
E-SE Asia; however, because we have not seen 
a major cluster transition of the magnitude of 
Wuhan 1995 to Sydney 1997 (-4.7 antigenic 
units), we can neither exclude that in such a case 
‘new variant could emerge outside E-SE Asia 
nor that it could affect seeding patterns, 


The E-SE Asian Circulation Network 
For E-SE Asia to seed epidemics in nmultiple re- 
gions of the world, influenza virus must circulate 
continually in E-SE Asia. But how? 
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Its generally considered that influenza vi- 
ruses continually circulate in tropical countries 
(7, 23-27) and, if this were tme, it would explain 
how influenza vinises could persist in tropical 
Asia. Indeed, circulation in an endemic core area 


that seeds satellite areas has been shown to be a 
key epidemiological process for the continual cir- 
culation of antigenically stable pathogens (28, 29) 
Reports based on infuenzalike iliness (ILI) or 
{influenza and pneumonia mortality (IPM) data 


describe continual circulation in the tropics (23). 
However, several viruses other than influenza can 
cause ILI and IPM, and studies from tropical 
countries hased on viral isolations show a marked 
seasonality for influenza epidemics, with peaks 


Fig. 3. The genetic re sae 
lationship of interseason- . 
alstrains to trainin the 
previous local epidemic 
and to strains epidemic ° 
in other regions. Inter- 
seasonal strains are de- 
fined as strains isolated 
‘more than 1 month ater 
the end of the previous 
local epidemic and more 
than 1 month before the 
beginning of the next lo- 
cal epidemic. For each 
interseasonal strain, the 
phylogenetic tree dis- 
tance was calculated to 
the closest strain in the 
previous epidemic and to 
the closest strain found 
‘outside the region in the 
previous 4 months. The 
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usually occurring during periods of high rainfall 
(30-35), In agreement with these studies based 
fon virus isolation, our virus isolation study also 
finds that influenza has clear epidemic peaks and 
deep troughs in all regions, including the four 
‘wopical and four subtropical E-SE Asian coun- 
tties for which there are sufficient data to detect 
sm epidemic signal. Thus, continuous circulation 
in individual tropical countries is unlikely to be 
the mechanism for persistence in E-SE Asia. 
However, more data from a wide diversity of 
locations are needed to fully understand seasonal 
forcing and to definitively exclude local persis 
ence as an element of transmission dynamics in 
tropical and subtropical areas of E-SE Asia. 
‘Another possibility for continual circulation 
fs that viruses pass from epidemic to epidemic 
among countries via the mobile luman popula- 
‘ion. Figue 4, A and C, shows that there is suf 
ficient variability inthe timing of epidemics within 
ESSE Asia such that the virus could circulate 
continuously in this way as a result ofthe tem- 
poral overlap of epidemics. Much of the varia- 


diagonal line is 1:1 and 
‘is ncluded for reference. 
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bility in the timing of epidemics is likely to be 
[inked to the heterogeneity in the timing of lower 


ae 


4. Synchrony of epidemics in east Asia and the South Pacific. (AD 
Epidemics in east Asia. The y axis shows laboratory-confirmed H3NZ 
infections per 2 weeks as 2 proportion of the total number of laboratory- 
confirmed H3N2 infections over the study period in each location. (B) Strains 
fon the trunk of the phylogenetic tree are of particular evolutionary 
importance in testing for virus migration among countries. In (B) and (©), 
‘there isa circle for every strain on the trunk of the phylogenetic tree (igs. 
'S3A and S4). The purpose is to show where the trunk strains were isolated 
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[top row color code from (A), bottom row from ()] and when they were 
isolated, to assess the epidemiological activity atthe time of isolation. Cyan 
circles represent E-SE Asian strains but in locations not shown in (F). (Q) 
Same as (A) but for tropical Southeast Asia. (D) Same as (A) but for Australia 
and New Zealand. (E) Same as (B), but the top row are Oceanian strains 
lgjan circles represent strains from cities in Australia not shown in (F), and 
the bottom row are strains from North America (blue) and Russia and 
Ukraine (yellow). (F) Geographic setting for (A) to (€).. 
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temperatures and rainy seasons (19, 33, 36). We 
‘thus hypothesize that the variability of epidemics, 
combined with the interconnectedness of E-SE 
Asian countries, forms an E-SE Asian circulation 
network that maintains influenza virus in the re- 
zion by passing from epidemic to epidemic. 

If'such a network existed, we would expect a 
temporal and phylogenetic progression of E-SE 
Asian viruses on the trunk of phylogenetic tree as. 
viruses pass from epidemic to epidemic within 
‘thenetwork, Figure S4 shows such a progression, 
and Fig. 4, B and E, shows the relationship of 
these trunk strains to the timing of epidemics. 
‘Trunksstrains were isolated in temperate, subtrop- 
ical, and tropical regions of E-SE Asia, indicating 
that all three climatic regions of E-SE Asia are 
part of the circulation network. To test whether 
‘the non-E-SE Asian strains on the tink indicate 
that the circulation network includes countries 
outside of E-SE Asia or whether they represent 
one-way sceding events out of E-SE Asia, we ex 
amined the phylogenetic tee (Fig. (Cand fig. SSA). 
‘We found only limited instances of such seeding 
‘back into E-SE Asia, with clear evidence that most 
E-SE Asian stains were directly descendent fom 
other E-SE Asian strains (/4)—thus indicating 
that the temporally overlapping epidemics in E-SE 
‘Asia form a circulation network that, during the 
study period, has been mostly closed to extemal 
reseeding. 

E-SE Asia’s strong travel and trade connee- 
tions to Oceania, North America, and Europe 
(U4, 37) facilitate the rapid movement of new in- 
ffuenza virus variants into those areas and ths 
explain the relatively small lag in antigenic and 
genetic advancement seen in those regions (Fig. 2, 
‘A and B). Also, though it is unclear how much 
‘rave! there must be between two locations for 
them to be epidemiologically well-connected, South 
“America’s 6- to 9-month antigenic lag (Fig. 2A) 
_may be attributable to its paucity of direct connec- 
tions with E-SE Asia (fig. $5), South America’s 
strong travel connections to Europe and North 
‘America, but not to E-SE Asia, could result in a 
seeding hierarchy where strains are first seeded 
{nto North America and Europe and from there to 
South America (Fig. 5), Most strains appear to 
circulate in this simple hierarchy, and even those 


strains that circulate in 8 more complex hierarchy 
ll originate in E-SE Asia (14). Thus, the extinc- 
tion of many HB lineages—a key characteristic of 
the HB phylogeny—may, in addition to the accu- 
mulation of deleterious mutations (25), also be 
due to reaching the end of this hierarchy. 


‘Surveillance and Vaccine Strain Selection 

‘A major practical fimction of WHO's Global 
Influenza Surveillance Network is to assist rez- 
‘latory authorities to recommend which strains 
should be included in infiuenza vaccines. Expand- 
ing surveillance within the E-SE Asian circula- 
tion network will aid the early detection of the 
‘emergence and spread of new variants and could 
help to more precisely define the network. Such 
ssurvellance is crucial for optimizing vaccine strain 
selection for countries within the network and for 
forecasting which variants will seed epidemics in 
the rest of the world, consequently increasing vac- 
cine efficacy and ultimately reducing influenza 
‘morbidity and mortality worldwide. 

Given the importance of the HA, it is the 
‘only portion of the virus genome that is currently 
sequenced routinely within the WHO Global 
Influenza Surveillance Network. Recently, whole- 
‘genome sequencing initiatives have provided im- 
portant insights into the genesis and spread of 
reassortment viruses, their rapid migration, and 
the cocirculation of multiple lineages (4,8, 9, 15). 
Expanded sequencing of whole genomes will 
provide additional markers for tracking the global 
migration of viruses and reveal potential differ 
ences between the global evolution of the HA 
and the other gene segments. Such sequencing 
efforts should inciude strains from E-SE Asia and 
be linked with antigenic data on HA and, in the 
longer term, with phenotype changes determined 
by other virus genes to fully understand the se- 
lection pressures on influenza viruses and their 
epidemiology. 

‘The data used in this study were generated by 
the WHO Global Influenza Surveillance Network. 
Although there are biases in surveillance data, 
these biases do not have a substantial effect on 
the results (14). The methods we have used are 
generic and, although applied here to human 
influenza A (H3N2) viruses, are broadly appli- 
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ig. 5. Schematic of the dominant seeding hierarchy of seasonal influenza A (H3N2) viruses. The 


structure of the network within E-SE Asia is unknown. 
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cable to influenza viruses in other species and 
to other pathogens. 


Summary 
We present evidence from antigenic and genetic 
analyses of HA that, from 2002 to 2007, influ- 
enza A (HBN2) virus epidemics worldwide were 
seeded each year by vinuses that originated in 
ESE Asa We find evidence that temporally over- 
lapping epidemics in E-SE Asia create a circula- 
tion network in which influenza A (FHSN2) viruses 
continually circulate within the region by passing 
from epidemic to epidemic, E-SE Asia’s strong 
travel and trade connections with Oceania, North 
America, and Europe, coupled with weak connec- 
tions to South America, could explain the seeding 
hierarchy observed in this period where new virus 
‘variants first seed epidemics in Oceania, North 
‘America, and Europe and later in South America. 
‘The mostly one-way nature ofthis hierarchy sug- 
gests that, once A (H3N2) vines leave E-SE Asia, 
they are unlikely to contribute to long-term viral 
evolution. If the trends observed during this pe- 
‘lod are an accurate representation of overall pat 
tems of spread, then the antigenic characteristics 
of A (HBN2) viruses outside E-SE Asia may be 
forecast each year based on surveillance within 
ESE Asia, with consequent improvements to vac- 
cine strain selection and reductions in influenza 
A GBN2) morbidity and mortality, Intensified sur- 
Veillance, including whole-genome sequencing, 
and better understanding of the evolutionary 
selection pressures in E-SE Asia would further 
improve vaccine strain selection worldwide and 
potentially make influenza virus evolution more 
predictable, 
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Generalized Voice-Leading Spaces 
Clifton Callender,* lan Quinn,? Dmitri Tymoczko** 


Westem musicians traditionally classify pitch sequences by disregarding the effects of five musical 
‘transformations: octave shift, permutation, transposition, inversion, and cardinality change. We model 
this process mathematically, showing that it produces 32 equivalence relations on chords, 243 
equivalence relations on chord sequences, and 32 families of geometrical quotient spaces, in which 
both chords and chord sequences are represented. This model reveals connections between 
‘music-theoretical concepts, yields new analytical tools unifies existing geometrical representations, 
and suggests a way to understand similarity between chord types. 


‘A capable musician can understand the 

sequence of notes (Ca, Es, Ga) in various 
‘ways: as an ordered pitch sequence (for example, 
an ascending C-major arpeggio starting on 
middle C), an unordered collection of octave- 
free note-types (for example, a C major chord), 
‘an untordered collection of octave-free note-types 
‘modulo transposition (for example, a major 
chord), and s0 on. Musicians commonty abstract, 
away from five types of information: the octave 
in which notes appear, their order, their specific 
pitch level, whether a sequence appears right-side 
up or upside down (inverted), and the mumber of 
times a note appears. Different purposes require 
different information; consequently, there is no 
cone optimal degree of abstraction, 

Here we mode! this process. We represent 
pitches by the logarithms of their fundamental 
frequencies, setting middie C at 60 and the octave 
equal to 12. A musical object is a sequence of 
Pitches ordered in time or by instrument (1): The 
object (Cs, Es, Gy) can represent consecutive 
pitches played by a single instrument or a 
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simultaneous event in which the frst instrument 
plays Cy, the second Ey, and the third Gy. (In- 
struments can be ordered arbitrarily’) Musicians 
‘generate equivalence classes (2, 3) of objects by 
ignoring five kinds of transformation: octave 
shifis (0), which move any note in an object into 
any other octave; permutations (P), which reorder 
‘an object; transpositions (T), which move all the 
notes in an object in the same direction by the 
‘same amount; inversions (), which tum an abject 
upside down; and cardinality changes (C), which 
insert duplications into an object (4) (fg. SI and 
Table 1). (Note that O operations can move just 
‘one of an object’s notes, whereas T operations 


move all notes) We can form equivalence rela- 
tions with any combination of the OPTIC opera- 
tions, yielding 2° — 32 possibilities. 

‘A misical progression isan ordered sequence 
of musical objects. Let F be a collection of 
musical transformations, with J, fisofe €F. 
‘The progression (p;, ..., P») is uniformly F- 
equivalent to [ fp), flo] and individually 
F equivalent to [f(p:), --» fp} Uniform 
equivalence uses a single operation to transform 
each object in the first progression into the 
comesponding object in the second; individual 
equivalence may apply different operations to a 
progression’s objects (fig. S2). The OPTIC 
‘operations can be applied uniformly, individual- 
Jy, or not at all, yielding 3° = 243 equivalence 
relations on progressions. 

‘A number of traditional music-theoretical 
concepts can be understood in this way, including 
chord (OPO), chord type (OPTC), set class 
(OPTIC), chord-progression (individual OPC), 
voice leading (uniform OP), pitch class (single 
notes under 0), and many others [table S1_ and 
(@). We can also combine OPTIC operations in 
new ways, producing new music-theoretical 
tools. For example, analogs to voice leadings 


Table 1. Equivalence relations and quotient spaces produced by the five principal transformations 
in Western music theory. Here, x is a point in IR”, 1 represents (1, ..., 1), and S, is the symmetric 


‘group of order n. 
Equivalence relation Space 

None r 

Octave X-ox+ 1, i< 7" T 

Transposition xaxtdceR RR or T™ (if in conjunction with 0) 
{orthogonal projection creates a 
barycentric coordinate system) 

Permutation x-p ol, 6S, add 1S, 

Inversion xa-x ‘Add (Za for WS % 2) if in 

‘conjunction with P] 
‘ardinality (he Mea =) mc Infinite dimensional “Ran space” 
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connect the elements of one chord type (or set 
class) t0 those of another, these are OPT (or 
OPT) voice-leading classes, resulting fom the 
application of uniform OP (or OPI) and individ- 
ual T (1, 5) (Fig. 1), These equivalence relations 
can reveal connections within and across rmusical 
works and can simplify the analysis of voice 
leading by arouping the lnge umber of pss 
ies into more manageable categories. 
Geometrically, a musical object can be 
represented as a point in IR", The four OPTI 
equivalences create quotient spaces by identify- 
ing (or “gluing together”) points in B* (fig. $3) 
Octave equivalence identifies pitches p and p + 
12, transforming RR" into the n-torus T*. 
‘Transpositional equivalence identifies points in 
IR with their (Euclidean) orthogonal projections 
conto the hyperplane containing chords summing 


to 0. This transforms R® into R™', creating a 
barycentric coordinate system in the quotient 
(basis vectors pointing fom the barycenter of a 
regular n-simplex to its vertices). Pemmutation 
‘equivalence identifies points in R* with their 
reflections in the hyperplanes containing chords 
‘with duplicate notes. Musical inversion is 
represented by geometric inversion through the 
origin. Permutation and inversion create singular 
‘quotient spaces (obifolds) not focally Euclidean 
at their fixed points. C equivalence associates 
points in spaces of different dimension: The 
result is the infinite dimensional union ofa series 
of finite subset spaces (6-8). 

(One can apply any combination of the OPTI 
equivalences to B®, yielding 2* ~ 16 quotient 
‘spaces for each dimension (Table 1); applying C 
‘produces 16 additional infinte-dimensional quo- 


Fig. 1. Progressions belonging to the same OPT and OPT voice-leading classes. Each group exhibits the 
same underlying voice-leading structure: Analogous elements in the first chord are connected to analogous 
elements in the second, and the distances moved by the voices are equal upto an additive constant. (A) A 
‘v'V” progression from Mozart's C minor fantasy, Kachel catalog number (K) 457, measures 13 and 14. 


(B) A progression from mm. 15-16 of the same piece, in 


ually T-related to (A). (Q A progression from 


Beethoven's Ninth Symphony, movement I, measure 102, related to (A) by individual T and uniform OPI. 
{D) Acommon voice leading between fifth-elated dominant-seventh chords. (E) A common voice leading 
between tritone-related dominant-seventh chords, related to (D) by individual T. (F) A voice leading 
between tritone-related half-diminished sevenths, related to (0) by individual T and uniform |. 
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tients. Any ondered pair of points in any quotient 
space represents an equivalence class of progres- 
sons related individually by the relevant combi- 
nation of OPTIC equivalences. The image of a 
Tine segment in IR" [a “line segment” in the quo- 
‘emt, although it may “bounce off” a singularity 
(, 9} can be identified with an equivalence class 
of progressions related uniformly by the relevant 
combination of OPIC and individually by T. (This 
fs because T acts by onthogonal projection) 
Intuitively, pairs of points represent successions 
‘between equivalence classes, considered as in- 
divisible hammonic wholes; line segments repre- 
sent specific connections between their elements. 

Music theorists have proposed numerous 
geometrical models of musical structure (Big. S4 
and table $3), many of which are regions of the 
spaces described in this report. These models have 
offen been incomplete, displaying only a portion of 
the available chords or chord types and omitting 
singularities and other nontrivial geometrical and 
topological features. Furthemnore, they have been 
explored in isolation, without an explanation of 
how they are derived or how they relate (70). Our 
‘model resolves these issues by deseribing the com- 
plete family of continuous note spaces cor- 
responding to the 32 OPTIC equivalence relations. 

Of these, the most useful are the OP, OPT, and 
OPTI spaces, representing voice leading rela- 
tions among chords, chord types, and set classes, 
respectively (4). The OP spaces T*/S, (r-tori 
modulo the symmetric group) have been 
described previously (9). The OPT space 
T™1/S, is the quotient of an (n — 1)-simplex, 
whose boundary is singular, by the rigid 
‘ransfommation cyclically pennuting its vertices 
@, The OPTI space T™!/(S, x Zs) is the 
quotient of the resulting space by an additional 


ig. 2. (A) TS; isa cone. (B) T?/(Ss x Zz) isa triangle. Numbers refer to pitch classes, with O = C, 1= Cé, etc. Points represent equivalence classes of 


‘ranspositionally (A) or transpositionally and inversionaly (6) related chords. Thus, (C, D, €) and (0, €, Fé) are both instances of 024. 
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reflection. These spaces can be visualized as 
oblique cones over quotients of the (x — 2} 
sphere, albeit with additional orbifold points. The 
singular point atthe cone’s “vertex” contains the 
chord type that divides the octave into m equal 
pieces: the more closely a chord type’s notes 
cluster together, the farther it is from this point. 
‘The singular base of conical OPT space can be 
visualized as the quotient ofthe (n —2)-sphere by 
the cyclic group Z,. (When 7 is prime, this is a 
Jens space; when 7 is not prime, it does not in 
general seem to have a familiar name) The base 
acts like a mirror, containing chonds with note 
duplications. The OPTI-spaces T= /(S, x Za) 
are essentially similar: They can be visualized as 
cones over the quotients ofthe (x -2)-sphere by 
the dihedral group Z, > Z2, withZ, representing 
central inversion. 

Figure 2A depicts T*/S, the space of three 
note chord types (OPT equivalence classes). The 
augmented triad at the vertex, 048, divides the 
octave perfectly evenly; major and minor triads, 
(047 and 037, are found near the tip and are the 
basic sonorities of Westem tonality. The triple uni 
son 000 occupies the “kink” in the cone’s singular 
base, which ats like a mirror. Orthogonal projec- 
tion creates a barycentric coordinate system, seen 
here asa triangular grid (J). Pairs of points rep- 
resent successions of chord types, whereas line 
segments represent OPT voice-leading classes 
(Fig. 1). Figure 2B isT*/(S; x Z;), the quotient 
of the cone by a refiection. Points are OPTI 
equivalence classes (cet classes), line segments 
are OPTI voice-leading classes, and all three 
boundaries act like mirrors. Figure SS 
analogous four note structures. Because the spaces 
are conical, some line segments near the Vertex 
‘will self-intersect; musically, this means that near 


Fig. 3. (A) The cone TY/S; (Fig. 
2A) as seen from above. The term 
“scale fragment” refers to graph B 
points in the leftmost circle: “Do, 


ly even chords can be linked to their transposi- 
tions by efficient voice leading (4). 

‘The advantage of these constructions is that 
they pemit a continuous generalization of tradi 
‘tional musictheoretical terminology. Informal 
musa! discourse recognizes degrees of related- 
ness: Equaltempered and justintonation major 
triads are considered highly similar, even though 
they are not elated by any OPTIC transformations. 
‘Likewise, composers offen use scales in which 
scalar transposition [translation along a scale (4) is 
nearly equal to log-fequency transposition: In 
such scales, fragments such as CDE (Do, a 
deer") and D-E-F (Re, a drop”) are considered 
similar, even though they are not OPTIC- 
equivalent. Traditional music theory, however, 
has offen adopted a binary approach to classif- 
cation: Chords are considered equivalent if they 
can be related by OPTIC transformations and are 
considered unrelated otherwise (2). Several 
theorists have recently criticized this view, and 
modeling similarity between chond types is an 
active area of music-theoretical research (4, 12). 
However, no existing mode! describes the broad 
flexibility inherent in ondinary musical termino!- 
ogy; for example, none explains the similarity 
‘between just and equal-tempered major triads. 

Our spaces suggest such a measure. Nearby 
bers can be linked by small voice leaings; in this 
sense, they are neatly equivalent modulo the rele 
‘vant equivalence relation, This mode! is in good 
‘accord with traditional musical practice. Figure 3 
shows that the traditional musical term “scale 
ffagment” refers to a small region of the graph of 
‘equal empered chords in three-note conical OPT 
space (T?/S;); Ukewise, the term “Wiad” refersto a 
region of the equal tempered graph surounding the 


Re, Mi” is 024; “Re, Mi, Fa is 023; 
and “Mi, Fa, Sol” is 013. “Triad” 


‘refers to points in the larger circle 
fon the right, containing major 


oe 


(047), minor (037), augmented (048), and diminished (036) chords. Different tunings of the major 
triad are found in the dotted circle around 047. On the right, the equal-tempered, just, and quarter- 
comma meantone triad. (B) Closely related motives at the beginning of Schoenberg's opus 11, no. 1. 
‘The variations define a pair of short line segments in the cone, from 014 to O15 to 026. 


vertex. Because the various tunings of the major 
twiad lie very close together in T?/Ss, the tem 
“major triad” can be taken to refer to an even 
smaller region of the continuous space, 

Geometrical representations of musical relat 
cciness can also be useful in specific analytical 
contexts. Figure 3B shows three fragments from 
an early Schoenberg piano piece, which traditional 
theory would consider to be unrelated. Some 
theorists (12) have noted that the fragments can 
bbe understood as variations on the same musical 
idea. Following Straus (/3), we can mode! 
‘Schoenberg’s variations geometrically: Fig. 3A 
shows that the fragments define a sequence of 
short moves in T?/Ss, each producing small 
changes in the motive’s basic intervals. Similar 
analytical techniques can be used to compare 
progressions, rather than isolated chords (4), 
Because the OPTIC spaces are continuous, 
these techniques can potentially be applied to 
non-Western and microtonal music as well. 

Beyond mode!ing musical similarity, the geo- 
‘metrical perspective provides a unified framework 
for investigating a wide range of contemporary 
rmssic-theortical topics, including “contour” and 
*Knets” (4, 14, 15). This reflects the fact thatthe 
OPTIC equivalences have been central to Westem 
rmussical discourse since at least the seventeenth 
century (76). Our model transiates these music- 
theoretical tems into precise geometrical language, 
revealing arich set of mathematical consequences. 
This transtation may have implications fortheory, 
analysis, pedagogy, composition, musical data 
analysis and visualization, and perhaps even the 
design of new musical instruments 
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Picosecond Coherent Optical 
Manipulation of a Single Electron 


Spin in a Quantum 


Dot 


J. Berezovsky,* M. H. Mikkelsen,* N. G. Stoltz, L. A. Coldren, D. D. Awschalomt 


‘Most schemes for quantum information processing require fast single-qubit operations. For spin- 
based qubits, this involves performing arbitrary coherent rotations of the spin state on time scales 
much faster than the spin coherence time. By applying off-resonant, picosecond-scale optical 
pulses, we demonstrated the coherent rotation of a single electron spin through arbitrary angles up 
‘to m radians. We directly observed this spin manipulation using time-resolved Kerr rotation 
spectroscopy and found that the results are well described by 2 model that includes the electron- 
‘nuclear spin interaction. Measurements of the spin rotation as 2 function of laser detuning and 
intensity confirmed that the optical Stark effect is the operative mechanism. 


sing ultrafast optical pulses to coherently 

‘manipulate the spin state of an electron is 

a key ingredient in many proposals for 
solid-state quantum information processing (2-6) 
Although electrical control of a single spin has 
been achieved (7, 8), the nanosecond time scales 
required for such manipulation limit the number 
of operations that can be performed within the 
spin coherence time. In contrast, spin contro! via 
picosecond-scale optical pulses yields an improve- 
‘ment of several orders of magnitude in the ma- 
nipulation time, as required for many proposed 
applications, Additionally, this all-optical tech- 
nique provides simple pathways for coupling the 
quantum degrees of freedom of a single spin and a 
photon—a useful property for enabling quantum 
communication. We experimentally demonstrated 
such a scheme for a single electron spin in a 
quantusn dot (QD). 

‘The optical (or ac) Stark effect (OSE) was 
first studied in atomic systems in the 1970s 
(9-11) and was subsequently explored in bulk 
semiconductors and. quantum wells (2-14). In 
recent years, the OSE has been used to observe 
ensemble spin manipulation in a quantum well 
(15) and to conto! orbital coherence in a QD (16) 
‘Additionally, other optical manipulation schemes 
have been explored (17-20), which, in contrast to 
this work, affect the average polarization of a spin 
ensemble instead of directly manipulating individ- 
ual spin states. Using perturbation theory, it is 
found that an optical field with intensity Jag, de- 
‘tuned from an electronic transition by an energy A, 
{induces a shift in the transition energy 


5 a) 
Ave/u 

‘where D is the dipole moment of the transition, 

and e and jt are the permittivity and permeability 

of the materia! (13). In the relevant energy levels 
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for the QD system considered here (Fig. 1B), the 
ground state consists of a single electron in the 
Towest conduction band level, spin-split by a 
‘small magnetic field B.. The lowest-energy inter- 
‘band transition isto the tion state, consisting of 
two electrons in a singlet state and a heavy hole. 
‘Because of the optical selection rules, the dipole 
strength of this transition in the basis along the 9 
direction ffom the spin-up ground state is zero for 
o” polarized light and from the spin-down 
ground state is zero for ¢ polarized light, as 
indicated in the diagram. Therefore, for circularly 
polarized light, the OSE shifts just one of the spin 
sublevels and produces a spin splitting in the 
ground state that can be represented as an ef- 
fective magnetic field, Bax. along the light- 
propagation direction. By using ultrafast laser 
pulses with high instantaneous intensity to pro- 
vide the Stark shift, lage splitings can be ob- 
tained to perform coherent manipulation of the 


Fig. 1. (The solid red 
line shows tion 0°) and 
biexciton 000 photo- 
luminescence from a 
single QD. The black data 
points show the corre- 
‘sponding single-spin KR, 
and the black fine és an 
‘ock-Lorertian fit to this 
dita, from which the KR 
amplitude Op obtained. 
The dashed Bre shoves the 
TP spectrum at a detuning 
of 44 meV. au, arbitrary 
unis. (B) Diagram of the 
singly charged QD ground 
state and the optically 
allowed tanstions the (Trsapanve 
Sos teomccs C=) 
represent elecrons and 
the open circles represent at 
Dy 


heavy holes (Q Schematic 
of the experimental setup. Mx 
QW, continuous wave: EOM, 
electro-optic modulo, pol 
BS, polarng bears. 
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spin within the duration of the optical pulse (here, 
Boog ~10T). This phenomenon can also be 
described in terms of a stimulated Raman tran- 
sition (3, 6, 20), 

The sample we used consisted of a layer of 
charge-tunable gallium arsenide (GaAs) inter- 
face QDs embedded in an optical cavity. [De- 
tails of the sample structure and characterization 
are given in (2/~23),] In the experimental setup 
(Fg. 1C), three synchronized, independently tun- 
able optical pulse trains are focused onto the 
sample: the pump, the probe, and the tipping 
pulse (TP). The pump and tipping pulse are 
both derived from a mode-locked Ti:sapphire 
laser generating a train of ~150-fs pulses at a 
repetition rate of 76 MHz. The pump is circularly 
polarized and tuned to an energy E ~ 1.646 eV 
[fall width at half maximum (FWHM) ~ 1 meV], 
thereby injecting spin-polarized electrons and 
holes into the continuum of states above the QD 
(24, One or more of these electrons or holes can 
then relax into the QD. The circularly polarized 
TP (duration ~ 30 ps, FWHM = 0.2 meV) is 
tuned to an energy below the lowest QD tran- 
sition (Fig. 1A) and is used to induce the Stark 
shift. The relative time delay between the pump 
pulse and the TP is controlled by a mechanical 
delay line in the pump path. 

The probe pulse is generated by passing a 
narrow-inewidth continuous-wave laser through 
sm electro-optic modulator synchronized with the 
pump/TP taser. The resulting 1.5-ns pulses probe 
the spin in the QD through the magneto-optical 
Kerr effect (23). This effect arises from the real 
part of the dielectric response fimction of the QD 
and results in a spin-dependent rotation of the 
polarization of the lineariy polarized probe upon 
reflection off of the sample, As the energy of 
this probe light is scanned across the QD transi 
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tion energy, Ex , an odd-Lorentzian line shape 
[>=x/(1 +22)] centered at the transition energy 
is seen in the Kerr rotation (KR) spectrum (22, 2! 
By fitting such a curve (as shown in Fig. 1A), we 
can extract the amplitude of this feature, 8, which 
is proportional to the projection of the spin po- 
larization in the QD along the light-propagation 
direction. 

Ina typical measurement, the pump pulse ar- 
tives at time (= 0 along the y axis (growth di- 
rection), and in some cases, a single spin-polarized 
electron will relax into the QD. For pump heticity 
@*, this electron is (up to a global phase) initially 
in the state w(t = 0) = (|f) = #J))/V2, where 
“up” and “down are chosen as the basis along 
the external magnetic field B.. The spin then be- 
gins to coherently precess at the Larmor fre- 
quency = ghipB./h = w()= (exp(—iat/2))1) = 
i exp(iot/2}|)))/V/2, where g is the effective 
electron g factor, j1p is the Bohr magneton, and 
‘iis the reduced Planck constant. At= fg, the TP 
arrives and generates an additional spin splitting 
along the y axis for the duration of the pulse. 
‘During this time, the spin precesses about the 
total effective field (which is typically dominated. 
‘by Bsxex) and then continues to precess about the 
static applied field, The probe then measures the 
‘resulting projection of the spin in the QD,<S,>at 
1 fyyste. This sequence is repeated at the 
repetition frequency of the laser (76 MHz), and 
the signal is averaged for several seconds for 
noise reduction, The pump and probe are moxu- 
lated with mechanical choppers, allowing for 
Jock-in detection to measure only spins that are 
injected by the pump. Furthermore, the pump is 
switched between o” and  , witha measurement 
made at each helicity. The spin signal is then 
taken as the difference between these values, 
eliminating any spurious signal from spins not 
generated by the pump [such as phonon-assisted 
absorption from the TP (26)]. 

‘To map out the coherent dynamics of the spin 
in the QD, KR spectra are measured as a function 
‘of pump-probe delay. Figure 2A shows a plot of 
the KR angle, 8x as a function of probe energy 
and frshe With an applied field B.=715 Gand no 
‘TP. Horizontal line cuts display the dispersive 
line shape centered at the transition energy Ex. 
(as shown in Fig. 1A). As frote is sweptalong the 
vertical axis, the precession of the spin can be 
seen as the oscillations in @x. When the TP is 
applied at fp = 13 ns, as in Fig. 2B, there is a 
substantial change in the KR spectra. For £< ep. 
the KR signal is essentially the same as in Fig. 2A. 
but for ¢> fs, the sign of the signal is reversed. 
‘This can be clearly seen in the line cuts in Fig. 2, 
C to F. Line cuts in (C) and (D) are both before 
the TP and show the same behavior, whereas the 
‘ine cut in (F) has the opposite sign of the line cut 
in (E) as a result of the TP. 

It is convenient to understand the observed 
spin dynamics in the Bloch sphere picture. Here, 
‘the spin state is represented as a vector (S,, S,. S.), 
where (0, 0,+ S.) represents the eigenstates |t) 
and ||), and vectors with nonzero S, and S, 
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‘represent coherent superpositions of |f) and |). 
In this picture, the dynamics of the spin can be 
calculated by applying the appropriate sequence 
‘of rotation matrices to the inital state (21). The 
‘effect ofthe pump and the TP thus results in the 
spin state asa function of time 
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‘where the initia! spin stateis 0, So, So), 
1 fg, is the precession frequency about the 
axis, and Oyp isthe angle through which the spin 
recesses during the TP. Here we have included 
‘an initial component of the spin along the = axis 
to account for small misalignments of the pump 
beam. Because the duration of the TP is much 
less than «©, the tipping is assumed to occur 
instantaneously. 

‘As can be seen fom Eq. 2, the TP may re- 
sult in a substantial nonprecessing component of 
the spin along the z axis. Through the hyperfine 
interaction, electron spins can flip with nuclear 
spins. The component of the nuclear spin along 
the extemal field B. does not precess and there- 
fore can build over time in the process of dy- 
namic muciear polarization (DNP) (24, 27). As 
smuclear polarization builds along the 2 axis, it acts 
back on the electron spin as an effective magnetic 
field B,2. Thus in Eq. 2, @ must be replaced by 
©°= © @,. @, (= guipB,/h) is proportional to the 
steady-stte muciear polarization, which in tum 


Fig. 2. (Aand B) KRas a function 
‘of probe energy and pump-probe 
delay. White represents postive KR, 
black represents negative KR, and 
the dashed blue line indicates the 
‘ranstion eneray E «(A shows spin 
precession inthe absence of the TP; 
in @) the TP is applied a ty = 13 
ins, with hyp = 4.7 x 10° Wicm? and 
A= 265 meV. A consant offset is 
‘subtracted from each KR spectum. 
(CtoF) Line cts (otack curves with 


proportional to S.. Thus, equating «, and S. with 
4 constant of proportionality a, we have 0, 
{Sey Sindy sin(«@ + cy)fp+ S92C08 Gg). 
Solving this equation numerically for @, and 
substituting ©” into Eq, 2 self-consistently yield 
the coherent spin dynamics of the system as a 
function of time. To model the results below, we 
{include the finite spin coherence time, T¥, and a 
phenomenological /.,.dependent term to account 
for imperiect fidelity ofthe spin rotations or other 
background effects, with a characteristic scale o. 
‘The decoherence term is taken as exponential, in 
sgreement with previous measurements on this 
sample (23). Finally, we take the difference 
between a” and @ pump helicity, yielding 


09(t; 50,0, ip, , Ts) = [S,(t550) - 


S,(t5-Sa)lexp(-t/T3 Jerp(lep/I0) (3) 
‘Figure 3A shows the time evolution of a single 
spin in a transverse magnetic field, with no TP 
applied. Each data point is determined from the 
fit to a KR spectrum at a given pump-probe 
delay, as in Fig. 2. If we convolve Eq. 3 with the 
measured profile of the probe pulse, we can per- 
form a least-squares fit to this data and determine 
various parameters in the model: @, 73*, and the 
effective field from the nuclear polarization, B,, 
‘The red curve in Fig. 3A shows the result of this 
fit, yielding = 1.39 GHz, T;*~ 5.5 ns, and B, = 
68 G, and the dotted line is the corresponding 
plot of Eq. 3 without the probe pulse convolution, 
As expected, the spin is initialized at ¢— 0 and 
then precesses freely about the applied field. 
‘The data in Fig. 3, B and C, show the same 
coherent spin dynamics as those in Fig. 3A, but 
with the TP applied at ¢= 4, The intensity of 
the TP is chosen to induce 21.05 » x rotation 
about the y axis, which is determined as dis- 
cussed below. In Fig. 3B, the TP arrives at ig = 
1.3 ns, when the projection of the spin is mainly 
along the x axis. This component of the spin is 
‘thus rotated by the TP through ~x radians. The 
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data point) taken along the dashed 
red lines in (A) and (B) showing the 
effect of the TP. (and (E) are with 
no TP and forte = O and 2 ns, 
respectively, in (D) and (P, top = 
13 ns and fynte = 0 and 2 15, 
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respectively. The solid red curves 16288 
are odd-Lorentzian fits from which 


the KR amplitude Opis extracted. 
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predicted spin dynamics as given by Eq. 3 is 
shown in the dotted red line, and the same curve 
convolved with the probe pulse is given by the 


parameters are determined either in the fit to 
Fig. 3A oras discussed below. Only the overall 
amplitude of the curve has been nonnalized. 


solid red line, This curve is not a fit All of the Here, the spin is initialized at ¢= 0, and as be- 
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Fig. 3. (A) Coherent single-spin precession in a transverse magnetic field (B, = 715 G), with error bars 
determined as the standard error from the fits to the KR spectra. The solid red line isa fit to Eq. 3 
convolved with the probe pulse, and the dotted red line line shoves Eq. 3 without the probe pulse 
convolution. The diagrams on the right schematically show the evolution of the spin on the Blach sphere. 
(B and ©) Spin dynamics under the same conditions as in (A), but with the TP applied at tp = 1.3 ns (B) 
and 2.6 ns (O to induce a 1.05 x x rotation about, with the TP detuning A = 2.65 meV and intensity ey = 
4.7 x 10° Wicm’. The solid red lines show model curves of Eq. 3 using parameters obtained elsewhere, 
with probe pulse convolution; the dotted red lines show model curves without probe pulse convolution. 
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4. (A) Single-spin KR amplitude Op as a function of TP intensity, at three detunings from the 
X° transition. The TP arrives at ty = 1.3 ns, and the probe is fixed at tyrove = 2.5 ns, as illustrated in 
(B). The gray lines are fits to Eq. 3, varying only a single parameter, the strength ofthe OSE (p), and using the 
parameters from the fit to Fig. 2A, So /Sqy=—0.11 and fp = 6.9 x 10° Wicm”. The TP intensity, /., required 
fora x rotation at = 1.64 meV is indicated by the arrow. (C)/_ asa function of A, as obtained from the fits. 
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fore, precesses freely until the arrival of the TP. 
Afier the TP, the spin has been flipped and the 
resulting coherent dynamics show a reversal in 
sign. This can be clearly seen by comparing the 
sign of the measured signal at the position in- 
dicated by the dashed line in Fig. 3 

Figure 3C shows the spin dynamics again 
with the same parameters, but with fp ~ 2.6 ns 
The spin at this delay will have only a small 
projection in the x-z plane, and the TP-induced 
rotation about the y axis will have only a small 
effect on the spin state. This expectation is bome 
out in the data, where the spin dynamics show 
essentially the same behavior as in the absence of 
the TP (Fig. 3A), Again, the model yields quali- 
tatively the same behavior. 

Further details of this spin manipulation can 
be investigated by varying the TP intensity /y 
and the detuning A of the TP from the QD tran- 
sition energy fora fixed fpote ad f (Fig. 4B). In 
Fig. 4A, the KR signal 0, as a function of hy is 
shown at fyrste~ 2.5 ns, with the TP arriving at 
‘ep 1.3 ns, for three different values of A, When 
Jog = 0, the spin precesses undisturbed and yields 
a negative signal at fyage~ 2.5 ns (as in Fig. 3A). 
As Jeg is increased, the spin is coherently rotated 
trough an increasingly large angle, and the ob- 
served signal at fyote = 2.5 ns changes sign and 
becomes positive (as in Fig. 3B). Furthermore, 
the strength of the OSE is expected to decrease 
linearly with the detuning A (Eq. 1). The gray 
Enesin Fig. 4A are plots of Eq. 3 with parameters 
taken from the fit in Fig. 3A, and ¢up — B lop 
From these curves, we additionally obtain the 
phenomenological factor fp ~ 6.9 * 10° W/cm”, 
‘This same value is used in all ofthe mode! curves 
shown. From this, we can estimate the fidelity of 
a x rotation to be approximately 80% (21). The 
‘only parameter that is changed between the three 
curves in Fig. 4A is the strength of the OSE, 6. 
The TP intensity required for ax rotation can be 
extracted from these fits as J, ~ 7, and is shown 
in Fig. 4C as a fimetion of detuning, displaying 
the expected linear dependence. If the expected 
slope of this line is estimated from Eq. 1 with 
reasonable parameters, we find a discrepancy of 
about a factor of 10 fom the measured value 
‘hich may be due to a mumber of experimental 
uncertainties (2). 

The data in Fig. 4A most clearly show the 
effects of DNP on the observed spin dynamics. 
In the absence of nuclear polarization, one would 
expect the curves in Fig. 4A to be cosimusoidal, 
crossing 2ero at an intensity half that required for 
x rotation. DNP, however, which is maximal 
When 6, ~72, distorts this ideal cosine form, as 
{is well described by the model (2/). Additionally, 
sm effect of the misalignment of the initial spin 
direction out of the x-y plane can be seen in the 
signal near 4, ~ 0. The TP first rotates the spin 
{nto the x,y plane, increasing the signal slightly 
and then rotates it past the x-y plane as ‘i is 
‘increased. This is confirmed by reversing the he- 
icity of the TP so that the spin rotation is in the 
same direction as the misalignment, instead of 
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against it. [This and further control measurements 
are discussed in (2/),] 

Much of the deviation of the data from the 
‘mode! can be explained by the siow drift of ex- 
perimental parameters during the measurement. 
In particular, the observed effects are very sen 
sitive to the focus on the sample, because the 
{intensities of the pump, probe, and TP all vary 
quadratically with the focused spot size. Addi- 
tional deviations may be due to the simp! 
description of the TP-induced background ef- 
fects used here. For example, in the case of 
phonon-assisted transitions to the tion state, one 
‘would expect the type of spin-selective decoher- 
cence described in (/8). Although there is some 
finite probability for the TP to excite the trion 
state, the control measurements described in the 
supporting online text show that TP-induced spin 
coherence is not the dominant mechanism forthe 
spin control observed here. Further measure- 
‘ments of the background effects will be needed to 
determine their cause, with the aim of increasing 
the fidelity of these single spin rotations. 

In principle, at most 200 single-qubit flips 
could be performed within the measured 73* of 
6 ns. However, by using shorter TPs and QDs 
with longer spin coherence times, this technique 
could be extended to perform many more opera- 
‘tions within the coherence time. A mode-locked 
laser producing ~100-f TPs could potentially 


exceed the threshold (~10* operations) needed 
for proposed quantum error-correction schemes 
(28). Additionally, the spin manipulation dem- 
‘onstrated here may be used to obtain a spin echo 
(29), possibly extending the observed spin co- 
hherence time. These results represent progress 
toward the implementation of scalable quantum 
information processing in the solid state. 
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Coherent Dynamics of a Single 
Spin Interacting with an 
Adjustable Spin Bath 


R. Hanson,’*t V. V. Dobrovitski,? A. E. Feiguin,” 0. Gywat,” D. D. Awschalom* 


Phase coherence is a fundamental concept in quantum mechanics. Understanding the loss of 
coherence is paramount for future quantum information processing. We studied the coherent 

dynamics of a single central spin (a nitrogen-vacancy center) coupled to a bath of spins (nitrogen 
impurities) in diamond. Our experiments show that both the internal interactions of the bath 

and the coupling between the central spin and the bath can be tuned in situ, allowing access to 
regimes with surprisingly different behavior. The observed dynamics are well explained by analytics 
and numerical simulations, leading to valuable insight into the loss of coherence in spin systems. 
‘These measurements demonstrate that spins in diamond provide an excellent test bed for models 


and protocols in quantum information. 


‘uantum systems interact with their 
environment, resulting in a loss of initial 
coherence over time (1). Such system- 
bath interactions are studied extensively 

in a few canonical examples such as the spin- 

boson mode! (2) and the central spin mode. In 
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the latter, the coherence of a single spin (the 
central spin) in contact with a bath of spins is 
investigated (3-11). Study of the central spin 
problem may shed light on the emergence of 
the classical wor'd from a collection of interact- 
ing quantum systems (I). Moreover, understand 
ing spin-bath interactions is crucial for using 
spins in solids for quantum information pro- 
cessing (/2-14), in which the efficient isolation 
of single quantum systems from their environ- 
‘ment is required. 

‘Studies in the field of muclear magnetic res- 
onance (NMR) and electron spin resonance have 
‘yielded detailed information about magnetic in- 


teractions in ensembles of spins (15). Recently, it 
has become possible to detect and coherently con- 
‘wol individual spins (76, 17) allowing studies of the 
central spin model on truly single spins and pos- 
sible applications in high-resolution magnetom- 
exry (18), We report here on a detailed study of 
the coherent dynamics of a single spin of a 
nitrogen-vacancy (NV) center in contact with a 
bath of nitrogen (N) impurity spins in diamond. 

NV centers are well suited for studying spin 
interactions: Their spin state can be optically 
‘imaged, initialized, and read out, as well as con- 
trolled with high fidelity. In ultrapure diamond, 
the spin coherence time reaches hundreds of 
microseconds, being limited only by the weak 
interactions with nuclear spins of carbon-13 
(29, 20). Therefore, the presence of nearby 
electron spins in diamond, even if few in number, 
ccan strongly influence the NV center spin, as the 
‘magnetic moment of an electron spin is three 
ders of magnitude larger than that of a nuclear 
spin. 

In type Ib diamonds, as studied here, the mag- 
netic environment of an NV center is dom- 
inated by N impurities (2/), which carry an 
electronic spin of 1/2. These N spins are not 
optically active themselves but can be detected 
through the magnetic dipolar coupling with the 
NV center spin (22, 23). Previously, spin pairs 
were studied in which the dynamics of a single 
NV center spin were dominated by a single 
nearby N spin (19, 24). We studied the opposite 
regime, where the central spin (the NV center) is 
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{interacting with a bath of N spins. Although the 
spin bath extends over the whole diamond, the 
dynamics of each individual NV spin are main! 
determined by its local environment of N spins. 
Therefore, the ability to image and manipulate 
single NV centers (16) is crucia! for these studies, 
because variations within an ensemble can av- 
erage out many of the interesting dynamics. 

‘A NV center consists of a substitutional N 
‘atom with an adjacent vacant site (V) in the 
diamond lattice (Fig. 1A}, Its electronic ground 
state is a spin triplet (S — 1), with an energy 
spliting D of 2.87 GHz between states ms = 0 
and mis ~ £1 due to the crystal field (ms is the 
projection ofthe spin on the = axis) (Fig. 1B). We 
imaged single NV centers at room temperature 
using a confocal microscope (Fig. 1C). The NV 
spin is first optically pumped into the ms = 0 
sublevel (Fig. 1D), Then, pulsed radiofrequency 
radiation is used to coherently manipulate the 
spin in the dark. Finally, readout is performed 
bby measuring the photoluminescence rate, which 


Fig. 1. Detection and manipula- 
tion of a single spin. (A) Structure 
of an NV center in the diamond 
lattice. (B) The level structure of 
the NV center. The NV center is op- 
‘tally excted with a laser at $32 nm. 
Photoluminescence (PL is measured 
with a confocal microscope. (C) Spa- 
tial PL map of part of the diamond 
sample, showing bright spots cor- 
responding to single NV centers. (D) 
‘Measurement cycle consisting of ini- 
tialization for 3 1s, manipulation 
‘through rf radiation that rotates the 
spin with Rabi frequencies of 5 to 
30 MHz, and readout for 2 us. 


reflects the spin state (16, 23). This cycle is typ- 
ically repeated 10° times to build up statistics. 
‘The photoluminescence rate is normalized using 
the signal levels right afier the initialization 
[when pims = 0) = 1, where p(ms = 0) is the 
‘probability to be in the state ms =O] and after a 
x pulse [when p(ms~ 0) ~ 0}, 

‘We first showed that the spin bath properties 
‘can be controlled by subjecting the diamond to 
different static magnetic fields B. The total static 
field k, acting on the NV center spin i the sum of 
B and the crystal-feld splitting D (which can be 
viewed as an effective magnetic field) (25). We 
characterized the spin bath using standard NMR. 
pulse sequences (J5). We first measured the 
dephasing of the NV center spin during free 
‘evolution (Fig. 2A), We observe precession of 
the electron spin due to the hyperfine interaction 
‘with the N muclear spin J~ 1 of the NV center. 
This hyperfine shift is essentially static because 
of the large nuclear quadrupolar splinting and 
slow muclear spin relaxation. The N spins near 


Fig. 2. Characterization of the spin bath. (A) Mea- 
surement of dephasing during free evolution of 
NV14. The Ramsey pulse scheme used is n/2-c-n/2, 
Where + is the free evolution time. At B = 0 G, 2 
superposition of ms = 1 and mis = ~1 is prepared, 
whereas at 8 = 740 G, a superposition of ms = 
=1 and ms = 0 is prepared, resulting in opposite 
values at x = 0 (24). Fitting to a Gaussian envelope 
decay yields b = (0.42 + 0.03) MHz at B=0 Gand 
b = (1.09 + 0.15) Miz at 8 = 740 G. (B) Bloch 
sphere representation of dephasing due to fluctua~ 
tions dh ofthe total magnetic field An the rotating 
frame of the spin, only luctuations along the mag- 
netic field; that i, 8h; are significant. (C) Measure 
‘ment of Tz of NVI4 using a x/2-t-n-c-2 spin echo 
pulse scheme. Fitting to exp(-207) yields Ts = 
(0.39. 0.04) us at =0 Gand T= (3.2+ 0.4)usat 
B = 740 G. (0) Energy of a single N electron spin 
(top) and a single NV center electron spin (bottom) 
as a function of B. (E) Schematic of the spin-bath 
dynamics at 8 = 0 G and B = 740 G. 
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the NV center create an additional field through 
the magnetic dipolar interactions, This bath field 
‘ih drifis with time because of N spin flips, so that 
the NV center experiences a different field every 
time a new pulse sequence is started. Afier 
averaging over many sequences, which is 
required to build up statistics, this drift causes 
rapid decay of the free evolution signal, even 
though Sh may uctuate only very slowly on the 
time scale of a single pulse sequence (that is, 
quasi-static dephasing). The component of 8 
directed along the static field fi, 6h, has a much 
larger effect than the components perpendicular 
to hi, (Such as Sh, and Bh,). This can be seen by 
transforming to the rotating frame of the spin 
Gig. 2B), Here dh, and Si, are averaged out by 
fast rotations around hi, whereas 6h. isunaffected 
by the transformation The damping of the free 
evolution has a Gaussian shape, indicating that 
the distribution of 8h, P(8h,), is also Gaussian: 
P(Bh.) = 1/V 2nd exp(-BHZ/26") (15). Its 
standard deviation & can be extracted from the 
decay during free evolution (25), Values for & 
are in the range of 0.3 to 1.1 MHz for four NV 
centers investigated, which is in good agree 
‘ment with the average separation between N 
spins in this diamond of a few nanometers 
The static dephasing can be canceled with a 
spin echo (Fig. 2C), The time scale 7; on which 
the spin echo signal decays (the spin coherence 
time) is proportional to the fluctuation rate of the 
spin bath (15). 72 is almost an order of magnitude 
longer at B= 740 G than at B= 0 G, revealing a 
drastic change in the bath dynamics upon 
application of a magnetic field. This is explained 
by the dependence of the energy levels on the 
magnetic field (Fig. 2D). Close to B= 0 G, the 
average dipolar coupling between the N spins is 
larger than the energy splitting between the spin 
states, causing rapid fluctuations in the spin 
orientations (Fig. 2E). An applied magnetic field 
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{induces a large Zeeman energy splitting, which 
freezes out most ofthe spin dynamics (25). These 
experiments demonstrate that by tuning the mag- 
netic field, we can control the dynamics within 
‘the spin bath. 

We studied the spin-bath dynamics in more 
detail by measuring coherently driven spin oscil- 
lations (Rabi oscillations) at different magnetic 
fields, At B= 0 G (Fig. 3A), the oscillations ini- 
tially decay fast and collapse almost completely, 
revive, and finally damp out slowly. This com- 


plex behavior is reproduced at other NV centers 
‘and is observed for different driving fields. 

‘To gain insight into these dynamics, we used. 
‘analytical calculations and numerical simulations, 
based on existing knowledge about the internal 
structure of NV centers and N impurities (26) 
‘The dynamics of the NV spin were simulated 
‘mumerically, using six N impurities at random 
locations, with the local density of N impurities 
being the only unknown parameter. This density 
‘was adusted to match the data from the Ramsey 


‘ig. 3. Rabi oscillations at 0 G. (A) (Top) Rabios- = A B 
illations of NV14 at B = 0 G. (Middle) Analytical 1 a 
calculation of Rabi oscillations at B = 0 G for b = expedient 8-06], #,» Bh,bhy She 2 
0.42 MHz and a driving frequency of 16.6 MHz. O BhaiwHay 
(Bottom) Numerical simulation of Rabi oscillations é iT 
at B = 0 G using a bath of sic N spins. (B) (lef) = lcalculation| 
Depiction of the magnetic fields in the rotating 
frame for the case of Rabi oscillations driven by an ol NV14) 
con-resonance field A. (Right top) Gaussian distribu? 
tion of magnetic fields along z in the rotating frame ‘analytical model 
with b = 0.45 MHz. (Right bottom) Rabi oscillations = 3 
of a two-level system for hy = 8 MHz, numerically % RF pulse width (us) 
averaged over the field distribution from the right i 
‘top panel. (C) Same as (B), but with a static offset > 
Ah, of 2.3 MHz along z. Oh, 

ol 
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= calculation 
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Fig. 4. Rabi oscillations at 740 and 514 G. (A) Rabi oscillations of 
NV14 at B = 740 G. (B) Distribution of fields along z in the 
‘otating frame, forb = 1.1 MHz and Ah, = 0, +2.3 MHz The thick 
blue tine isthe sum of the three distributions. (C) Rabi oscilations 
of a two-level system for hi = 10 MH2, numerically averaged over 
‘the total field distribution in (8). (D) Rabi oscillations of NVI4 and 
(€) NV31 at B = 514 G. Red lines are fits to an exponentially 
damped sum of two cosines with different frequencies. (F) Fast 
Fourier transforms (FFT) of curves in (D) (left) and (2 (ight, 
revealing two dominant nutation frequencies. Ampl., amplitude; 
arb,, arbitrary. (@) Plot of the lower nutation frequency versus the 
higher nutation frequency derived from Rabi oscillations at B = 
499 G (triangles), 8 = 514 G (circles), and B = 530 G (squares. 
Different colors correspond to different NV centers. The gray line 
highlights the universal proportionality factor of V2. 
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‘measurement (25), We explicitly take the nuclear 
spins of the nitrogen impurities into account, 50 
that every impurity is, in fact, a system of two 
coupled spins (the electron with spin $= 1/2 and 
the mucleus with = 1), Also, an analytical de- 
scription was constricted by modeling the spin 
bath as a random field acting on the NV spin 
(25, 27, 28). The static and dynamical compo- 
nents of this field are characterized by the pa- 
rameters 6 and 7>, respectively, whose values are 
known from the Ramsey and spin echo measure- 
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rents, For the Rabi oscillations, the dynamical 
component is neglected in the analytical model 
‘Both the analytes and the numerical simulations 
accurately reproduce the essential features of the 
Rabi oscillations at B ~ 0 G without any fitting 
parameters (Fig. 3A): collapse and revival of the 
amplitude, beating of the oscillations at short 
times, and slow power law decay ater the revival 
From the theoretical analysis we find thatthe 
Nauclear spin ofthe NV center plays an essential 
role in the observed dynamics. Figure 3B depicts 
the fields acting onthe spin in the frame rotating 
at frequency f,, in case the nuclear spin isin the 
my 0 state. Besides the fluctuating bath field 
Bhi, there is a strong driving feld h, which ro- 
tates at the Larmor frequency set by h. and thus 
appears static in the rotating frame. This case is 
equivalent to that shown in Fig. 2B, with hy re 
placed by /, and 8h, replaced by 8h, Because 
Bh, is perpendicular to hit is averaged out by 
fast spin precession around, and therefore has a 
very small effect on the dynamics: Rabi osel- 
lations inthis case show a slow power-law decay 
4, 9, 10). In contrast, ifthe nuclear spin isin the 
y= =I state (Fig. 3C),a large static offst Ah, 
results because of the hyperfine interaction that 
tilts the sum of the fields, fi, toward the 2 axis. 
In this case, the bath feid 6h, has a component 
Parallel tothe total field 4 This component is 
not affected by the fast precession around fz. 
‘Again there is a correspondence with Fig.2B, but 
now di, is replaced by Sh{AhJh'ys). Although 
the distribution ofthe bath field isthe same as in 
Fig. 3B, the Rabi oseillatons decay rapidly with 
4 Gaussian envelope because of the component 
Paral toh 
Experimentally, we measured the average 
over the nuclear spin configurations. The spin 
nutaton (Rabi) frequency in the ease of 
slighty larger than in the case of m= 0, by a factor 
Wh? + Ak2Vh,. Therefore, beating will occur 
upon averaging because of interference between 
the oscillations comesponding to my = 0 and m= 
+1, resulting in repeated collapse and revival 
‘Because the oscillations coresponding to m= 1 
dic out rapidly, only a single collapse and revival 
ae visible. After the revival, the remaining signal 
is completely due to the m ~ 0 oscillations. 
‘Even though the spin echo experiment indi- 
cates thatthe bat already changes on. time scale 
of 04 us, our analytical model assuming a static 
bath shows excellent agreement with the data. 
‘The reason for this robustness is that under con- 
tinuous driving, the spin is insensitive to uetua- 
tions with a frequency below the Rabi frequency. 
‘ALB = 740 G, the collapse and revival are not 
observed in the Rabi oscillations (Fig. 4A). Be- 
cause of alignment of he spins along B, the width 
of the bath field distribution is different than at 
B=0 25). For the measured value for of 1.1 MHz, 
the distbutions for the three possible NV mu- 
clear spin states strongly overlap (Fig. 4B). As a 
consequence, the interference between the dis- 
tributions leading to collapse is absent (Fig. 4C) 
Instead, the oscillaions corresponding to the ex- 
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treme values of 5h, decay fast, and those cor- 
responding to the more central values lead to a 
SLOW Uw decay Efpw isthe radio frequency (rf) 
pulse width] (4, 9, 10). 

‘The central spin and the bath spins can be 
‘brought into energy resonance by applying a 
‘magnetic field that exactly compensates for the 
[NV center's crystal field splitting (near B~514.G, 
Fig. 2D) (22, 23, 29). Here, the N electron spins 
‘can exchange their spins resonantly with the cen- 
‘tal spin through mural ip-flops, providing an 
additional, efficient path for decoherence. More- 
‘over, at this magnetic field the N spins are also 
resonant with the driving field and therefore will 
undergo driven rotations. 

Figure 4, D to E, show Rabi oscillations at 
B= 514 G for two different NV centers. The 
oscillations clearly decay much faster than at B= 
‘740 G. Furthermore, the data can be well ft to an 
exponential decay, as opposed to the power-law 
decay that was observed at B = 740 G. These 
observations suggest that in this regime the reso- 
nant spin flip-flop mechanism indeed dominates 
the decay of the Rabi oscillations. 

‘A closer look at the data in Fig. 4, D to E, 
reveals a pronounced beating pattem. From a 
Fourier analysis (Fig. 4F) we find that there are 
‘two dominant oscillation frequencies. In Fig. 4G 
‘we plot the lower of these two frequencies, fom 
versus the higher frequency, fue, for different 
[NV centers and for different experimental condi- 
tions. The two frequencies differ exactly by a 
factor of V2, forall five NV centers investigated 
and for all driving frequencies. 

‘Because of the strong hyperfine interaction of 
the N electron spin with its nuclear spin (26), the 
resonance condition also occurs at B= 499 G and 
B~530G (22, 23). We observe the same beating, 
pattern at these fields. At B= 522 G, where the 
‘central spin and the bath are not resonant, only 
the higher of the two oscillation frequencies is 
present. This indicates that the lower oscillation 
frequency is induced by the resonance condition. 

For aspin of S~ 1 (as the NV center has), the 
‘Rabi frequency is larger than for a spin of S= 1/2 
(asthe N spins have) for the same driving field by 
12 US, 25). Therefore, the observed factor of V2 
strongly suggests that the coherent rotation of N 
spins is the cause of the beating patter. Rotation 
of the N spins will cause the dipolar field at the 
[NV center to oscillate with fow which could in 
tum rotate the NV spin. However, the beating 
ppatter is not reproduced by simulations or ana- 
|ytics ifequilibrium conditions are assumed, sug- 
‘gesting that strongy nonequilibrium effects such 
‘as a polarization of the spin bath and initial en- 
tanglement between the central spin and the bath 
‘may play a crucial role. More work is needed to 
investigate this. 

‘The use of more complicated pulse sequences 
‘will allow new studies of fundamental quantum- 
‘mechanical models and tests of protocols for 
future quantum information processing tasks. 
‘Moreover, this system can be used as a test bed. 
for similar systems, such as an electron spin cou- 
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pled to a bath of nuciear spins in a quantum dot 
(7), which lack the tunability and level of co- 
herent control demonstrated here. Finally, the spin 
baths in our sample were formed randomly during 
crystal growth. Using the recently gained ability to 
position single spins in diamond by fon implant- 
ing (30), spin environments may soon be studied 
that are engineered from scratch. 
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Chaotic Dirac Billiard in 
Graphene Quantum Dots 


L.A. Ponomarenko,* F. Schedin,? M. I. Katsnelson,? R. Yang,” E. W. Hill,” 
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‘The exceptional electronic properties of graphene, with its charge carriers mimicking relativistic 


quantum particles and its formidable potential 


various applications, have ensured a rapid 


growth of interest in this new material. We report on electron transport in quantum dot devices 
carved entirely from graphene. At large sizes (100 nanometers), they behave as conventional 

single-electron transistors, exhibiting periodic Coulomb blockade peaks. For quantum dots smaller 
than 100 nanometers, the peaks become strongly nonperiodic, indicating a major contribution of 


quantum coi 


pment. Random peak spacing and its statistics are well described by the theory of 


chaotic neutrino billiards. Short constrictions of only a few nanometers in width remain conductive 
and reveal a confinement gap of up to 0.5 electron volt, demonstrating the possibility of 


‘molecular-scale electronics based on graphene. 


directions in research on graphene (1, 2 
fis use as the base material for elec 
tronic circuitry that is envisaged to consist of 
nanometer-sized elements, Most attention has 
so far been focused on graphene nanoribbons 
(3-12), Am altemative is quantum dot (QD) de- 
vices that, as described below, can be made en- 
tirely from graphene, including their central 
{islands (CIs), quanturn barriers, source and drain 
contacts, and side-pate electrodes. 

Our experimental devices were microfabri- 
cated fram graphene crystallites prepared by 
cleavage on top of an oxidized Si wafer (300 
am of SiO;) (2). By using high-resolution 
electron-beam lithography, we defined a 30-um- 
thick polymethyimethacrylate (PMMA) mask 
‘that protected chosen areas during oxygen 
plasma etching and allowed us to carve graphene 
{nto a desired geometry. The inset in Fig. 1A 
shows one of our working devices that generally 
consisted of the Cl of diameter D. connected 
two short constrictions to wide source and drain 
regions; the devices also had side-gate electrodes 
[we often placed them ~1 jum away from the CI 
as explained in (13)]. The Si wafer was used as 2 
back gate. The constrictions were designed to 
have equal length and width of 20 nm (23), and 
wwe refer to then as quantum point contacts 
(QPCs), They provided quantum bariers to 
decouple the CT from the contacts (24, 15). If 
necessary, by using further etching (after the 
devices were tested), we could narow QPCs by 
several nm, exploiting the gradual etching away 
of the PMMA mask not only from top but also 
sideways, This allowed us to tune the resistance 
of QDs to avalue of several hundred kilohm, i, 
‘mutch larger than resistance quantuin hie” (e is 
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which is essential for single-electron transport. 
Graphene QDs with features as small as 10 nm 
could be fabricated reliably with this approach. 
Foreven smaller D,iregularites in PMMA [-5 nm 
(Z6)} became comparable in size with the de- 
Signed features and, unavoidably on this scale, 
‘we could only estimate the device geometry. The 
‘measurements Were carried out using the stan- 
dard lock-in technique with de bias at temper- 
atures T from 03 to 300 K. We used both side 
and back gates; the latter allowed extensive 
changes in the population of QD levels, whereas 
the former was useful for accurate sweeps over 
small energy intervals (13). The response to the 
side gate potential differed for different devices 
but could be related to back-gate voltage V, 
through a mumerical factor. For consistency, all 
the data are presented as a function of 

We have found three basic operational re- 
‘gimes for QDs, depending on their D. Our large 
devices exhibit (neatly) periodic Coulomb block- 
‘ade (CB) resonances that at low T are separated 
by regions of zero conductance G (Fig. 1A). AsT 
increases, the peaks become broader and overiap, 
gradually transforming into CB oscillations (Fig. 
1B), The oscillations become weaker as G in 
‘creases with camer concentration or 7; and com- 
pletely dissppear for G larger than ~05e"/h 


‘tified more than 1000 oscillations. Their pe- 
iodicity, AF, ~ 16 mV, yields the capacitance 
between the back gate and Cl, C, — e/AV, 
10aF, whichis close to C,~ 2eofe + N)D=20aF, 
‘as expected for a disk placed on top of SiO2 
(electric constant ¢ ~ 4) and at a distance > 
D = 250 nm from the metallic Si gate (in this 
case, G, isnearly the same as for an isolated disk) 
(U7) The difference by a factor of 2 can be 
accounted for in terms of screening by the contact, 
regions (17). 

‘The overall shape of the conductance curve 
G(Y,) in Fig. 1B resembles that of bulk 
‘graphene but is distoried by smooth (on the 
scale of AV,) fluctuations that are typical for 


mesoscopic devices and are due to quantum 
Interference (J4, 18-20). Smnooth variations in 
the CB peak height (Fig. 1A) are attributed to 
interference-induced changes in the barriers* 
transparency, as shown by studying individual 
QPCs (13). Furthermore, we have measured the 
dependence of CB on applied bias ¥, and, from 
the standard stability diagrams (Coulomb 
diamonds), found the charging energy £,. The 
Jower inset in Fig. 1B shows such diamonds for 
D = 250 nm, which yields £.~ 3 meV and the 
total capacitance C = e/E, = 50 aF. The rather 
Jarge E, implies that the CB oscillations in Fig. 1B 
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Fig. 1. Graphene-based single-electron transistor. 
(A) Conductance G of a device with the central 
island of 250 nm in diameter and distant side 
gates (13) a a function of Vy in the vicinity of +35 V 
‘0.3 K. The inset shows one of our smaller 
devices to illustrate the high resolution of our 
lithography that allows features down to 10 nm. 
Dark areas in the scanning electron micrograph 
are gaps in the PMMA mask so that graphene is 
removed from these areas by plasma etching. In 
this case, a 30-nm QD is connected to contact 
regions through narrow constrictions and there are 
four side gates. (B) Conductance of the same 
device as in (A) over a wide range of Vy (T= 4K). 
Upper inset: Zooming into the low-G region re- 
veals hundreds of CB oscillations. The lower inset 
shows Coulomb diamonds: differential conductance 
Gaex =dVAV as 2 function of Vq (around +10 V) and 
bias V, (yellow-to-red scale corresponds to Gay 
varying from zero to 0.3e°/). 
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are smeared mostly due to an increase in the 
barrier transparency with 7; and submicrometer 
graphene QDs should be operational at > 10K. 
{In genenal, the observed behavior isin agreement 
‘with the one exhibited by conventional single- 
electron transistors (SETS). Such devices were 
previously studied with metallic and semicon- 
ducting materials (14, 15) and, more recently, the 
first SETs made fiom graphite (18) and graphene 
GL, 19, 20) were also demonstrated. The all- 
graphene SETs reported here are technologically 
simple, reliable, and robust and can operate well 
above liquid-helium 7; making them attractive 
candidates for use in various charge detector 
schemes (14), 

For devices smaller than ~100 nm, we 
observed a qualitative change in behavior. CB 


% 
v0 

2. Effect of quantum confinement. CB peaks 
(a) and Coulomb diamonds (B) for a 40-nm QD 
(T= 4X). Variations in peak spacing and the size 
of diamonds are clearly seen. Yellowe-to-red scale 
in (B) corresponds to Gye varying from zero to 
0.4e"/h. Two excited states (marked by additional 
lines) are feebly visible around 8Vy = 150 and 
850 mV and V, = 10 mv. The smearing is caused 
by an increase in the transparency of quantum 
barriers at higher Vj. Further examples of excited 
states are given in the supporting material (23). 
(O Separation of nearest-neighbor peaks at zero 
V, in the same device for a large interval of Vg 
(beyond this interval, CB became suppressed by 
high transparency of the barriers). Inset in (AX: 
Log-log plot of the average peak spacing (AV,) 
Gold squares) and is standard deviation 3AV9) 
(open circles) asa function of D. Linear (AV,) © 

‘UD, solid line) and quadratic [5 (AV,) 2 Ww, 
dashed] dependences are plotted as guides to the 
eye. The dotted curve is the best fit for the 
average peak spacing: (AV,) & 1/0" yielding y = 
125. 
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‘peaks were no longer a periodic function of V_ 
but varied strongly in their spacing (Fig. 2, A and 
B, illustrate this behavior for D=40 nm, whereas 
Fig. 2C plots the distance AV, between the 
nearest peaks for 140 of them). One can see that 
AV varies by a factor of 5 or more, which ex- 
‘ceeds by onders of magnitude typical variations of 
AV, observed in nongraphene QDs (15, 21, 22). 
This is a clear indication thatthe size quantization 
becomes an important factor even for such a 
modest confinement. The reason for this is that a 
typical level spacing SE ~ vpl/2D for graphene’s 
‘massless carriers (Dirac fermions (1, 2)] in a 
‘quantum box of size D is much larger than 8E: 
2 /8mD? for massive carriers in other materials 
(p= 10° mis is the Femi velocity in graphene, 
and m is the effective mass). The distance 
‘between CB peaks is determined by the sum of 
‘charging and confinement energies AE= E+ 8E, 
‘and the latter contribution becomes dominant for 
our devices with D < 100 nm. Accordingly, we 
refer to them as QDs rather than SETS (23). 
Because E. is constant for a given QD geometry, 
variations in AE (found from the height of 
Coulomb diamonds) are due to confinement, 
‘which allows us to estimate characteristic 8E (24). 
Forexample, we find SE ~ 10 meV for the 40-mm_ 
QD Gig. 2), in agreement with the above formula 
SE= aD, where coefficient a varies around 0.5 
eVeam by factor of in different mode's (5-12). 

For four devices with different D, we have 
‘carried out statistical analysis of their peak spac- 
ing (Fig. 3). As QDs become smaller, the average 
distance (AV) between CB peaks gradually 
increases (Fig. 2A; inset). General expectations 
‘suggest that (AV,) should be proportional to 1/D, 
‘being determined by two contributions to the QD 
capacitance: geometrical and quantum (15). 
According to the formula used above, the geo- 
‘metrical capacitance is © D. The quantum 
capacitance is given by the confinement energy 
and, in the frst approximation, is also expected to 
vvary as D. Indeed, it has been shown (25) that 
energy levels Ey, of Dirac fermions inside a disk 
of diameter D are described by Ji(EqsD/2hvg)= 
Jio(EqaD!Divg), where n and Fare the main and 
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orbital quantum mumbers, respectively, and J) 
are the Bessel functions, This equation yields a 
typical level spliting (6£) & 1/D (25), in quali- 
tative agreement with the behavior of (AV) in 
Fig. 2A 

However, further analysis reveals that the 
above simple picture starts to break down for D< 
100 nm. One can see from Fig. 3 that the shape of 
the spectral distribution notably changes: For 
small QDs, the histograms become increasingly 
broader, as compared to their average positions. 
Also, (AV,) changes somewhat quicker than 1/D 
Gig. 2A, inset), We have calculated statistical 
deviations 3(,) from the verge (AY) and 
found that 3(AV,) grows approximately as 1/0 
with decreasing D (Fig. 2A). For example, for 
D = 40 nm, average fluctuations in the peak 
spacing become as large as (AV,) itself, which 
essentially means random positions of CB peaks. 
The observed behavior contradicts the one ex 
pected for Dirac fermions confined inside an ideal 
disk (25). 

‘To explain this discrepancy, we point out that 
any confinement of Dirac fermions, except for 
the circular one, is predicted to result in quantum 
chaos (even the simplest square geometry leads 
to chaotic trajectories) (25). In general, chaos is a 
common feature of all systems with several 
degrees of freedom, whose behavior cannot be 
described as a superposition of independent one- 
dimensional motions. Classically, this entangle- 
ment between different variables leads to an 
exponential increase inthe distance between two 
initially close trajectories with increasing time. 
‘Quantum mechanically, chaotic systems are char- 
acterized by distinctive statistics of their energy 
levels, which must comply with one of the 
Gaussian random ensembles, in contrast to the 
level statistics for the nonchaotic systems de- 
scribed by the Poisson distribution (26). 

‘The experimentally observed level statistics 
in graphene QDs agrees well with the one pre- 
dicted for chaotic Dirac or “neutrino” billiands 
Fig. 3), Indeed, in our case, the quantum ca- 
pacitance is no longer & D because 8 changes 
as &© L/D? (25), reflecting the lifting of the leve! 


Fig. 3. Level statisti in Dirac billiards. 
30 Histograms of the nearest-neighbor lev- 
‘el spacing in QDs of different D. The 
9 _ spacing is given directly in terms of AE 
(rather than AV), which was achieved 
3 _by measuring the size of Coulomb dia- 
rmonds. This allows the straightforward 
comparison between the experiment 
© and theory (25). The level statistics be- 
30 comes increasingly non-Polssonian for 
smaller QDs. This is illustrated for the 
smallest device where the red, black, 
‘and blue curves are the best fits for the 
‘Gaussian unitary, Poisson, and Gaussian 
‘orthogonal ensembles, respectively. There 
are no states at low AF because the 
10 measured distributions are shifted from 
the origin due to CB (E, is used as a 

fitting parameter. 
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degeneracy at large m and f, and the number of 
states around a given energy is proportional to the 
dot area % D?. This effect is offen referred to as 
‘the level repulsion, a universal signature of quan- 
‘tum chaos. The observed random spacing of CB 
peaks, random height of Coulomb diamonds, 
changes in (AV) quicker than 1/D and, especial- 
1y, the pronounced broadening of the spectral 
distribution all indicate that chaos becomes a 
dominant factor for small QDs. 

‘To corroborate this further, Fig, 3 shows thatthe 
observed level spacing is well described by Gauss- 
fan unitary distlbution (32/7 8E*exp(48E"'n) 
(Characteristic of chaotic billiands) rather than the 
Poisson statistics exp(-8E) expected for integra 
ble geometries (25, 26). The CB energy shifts the 
statistical distibutions from zero (Wwe measure 
AE =E, + 8E rather than 8£), and this makes it 
difficult to distinguish between unitary and or- 
thogona! ensembles. Nevertheess, the Gaussian 
unitary distribution fits our data notably better. 
‘This agrees with the theary that expects random 
edges to break down the sublatice symmetry 
(27) leading to the unitary statistics (25), In terms 
of statistics, Dirac billiands are different from the 
chaotic wave systems that mimic quantum me- 
chanics and are also described by the Tinear dis- 
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Fig. 4. Electron transport through nm-scale 
graphene devices. CB peaks (A) and diamonds (B) 
for aQD with an estimated size~ 15 nm. (C Electron 
‘transport through a controllably narrowed device 
With a minimal width of only =1 nm as estimated 
from its AE. its conductance can be completely 
pinched-off even at room T. Fluctuations in the on 
state at room T are time dependent (excess noise). At 
low 7, the on state exhibits much lower G, and the 
‘noise disappears. Occasional transmission resonances 
«an also be seen as magnified in the inset. 


persion reiation (optical, microwave, and acoustic 
cavities) but typically obey the Gaussian orthog- 
‘onal statistics (28). Further evidence for the level 
repulsion in small QDs is provided by the ab- 
sence of any apparent bunching in their spectra 
(Fig. 20). Indeed, despite considerable effort, we 
did not find repetitive quartets or pairs of CB 
peaks, which in principle could be expected due 
to spin andor valley degeneracy. The latter de- 
_generacy i lfied by edge scatering (27), whereas 
‘the spin degeneracy may be removed by scat- 
tering on localized spins due to broken carbon 
bonds (5). 

For even smaller devices (D < 30nm), the 
‘experimental behavior is completely dominated by 
‘quantum confinement. They exhibit insulating 
regions in V, sometimes as large as several V, 
and their stability diagrams yield the leve! spacing 
‘exceeding ~50 meV (Fig. 4, A and B), However, 
‘because even the state-of the-art lithography docs 
not allow one to control features <10 nm in size, 
the experimental behavior varies widely, from 
‘being characteristic of either an individual QD or 
two QDs in series or an individual QPC (13). Itis 
also impossible to relate the observations with the 
exact geometry because scanning electron and 
‘atomic force microscopy fal in visualizing the one- 
‘atorn-thick elements of several nm in size and often 
‘covered by PMMA or its residue. Nevertheless, we 
can stil use SE to estimate the spatial scale 
involved. Basic arguments valid at a microscopic 
‘scale requite alD~ 82 (where ais the interatomic 
distmer, and 1 = 3 eV is the hopping enewy), 
‘which again yields SE ~a/D with a ~05 eV nm. 
For example, for the QD shown in Fig. 4 with AE~ 
40 meV, we find D ~ 15 nm, 

Finally, we used our smallest devices (both 
QDs and QPCs) to increase 8E by further 
decreasing their size using plasma etching. Some 
of the devices become overetched and stop 
conducting, but in other cases we have namowed 
them down to a few nm so that they exhibit the 
transistor action even at room T (Fig. 4C). The 
device shown appears completely insulating, 
with no measurable conductance (G < 10° S) 
‘over an extended range of ¥_ (30 V) (off state), 
but then it suddenly switches on, exhibiting 
rather high G = 107% At large biases, we 
‘observe the conductance onset shifting with Vi, 
(13), which allows an estimate for AE as~0.5 eV. 
This value agrees with the T dependence 
‘measured near the onset of the on state, which 
shows that we do not deal with several QDs in 
seties fas it was argued to be the case for 
nanoribbons (29)]. With no possibility to contro! 
the exact geometry for the nm sizes, we cannot be 
certain about the origin ofthe observed switching, 
‘Also, the exact boundary arangements (armchair 
versus zigzag versus random edge and the ter- 
‘mination of dangling bonds) can be important on 
this scale (5-12), Nevertheless, 8£ ~0.5 eVagain 
allows us to estimate the spatial scale involved in 
the confinement as only ~1 nm. 

(Our work demonstrates that graphene QDs 
are an interesting and versitile experimental 


system allowing a range of operational regimes 
from conventional single-electron detectors to 
Dirac billians, in which size effects are excep- 
tionally strong and chaos develops easily. Unlike 
any other material, graphene remains mechani- 
cally and chemically stable and highly conduc- 
tive at the scale of a few benzene rings, which 
makes it uniquely suitable for the top-down 
approach to molecular-scale electronics. 
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Atomlike, Hollow-Core—Bound 
Molecular Orbitals of Cg 


‘Min Feng,” Jin Zhao,? Hrvoje Petek*?+ 


‘The atomic electron orbitals that undertie molecular bonding originate from the central Coulomb 
potential of the atomic core. We used scanning tunneling microscopy and density functional theory 

to explore the relation between the nearly spherical shape and unoccupied electronic structure of 
buckminsterfullerene (Cyc) molecules adsorbed on copper surfaces. Besides the known x* antibonding 
‘molecular orbitals ofthe carbon-atom framework, above 3.5 electron volts we found atomlike 

orbitals bound to the core of the hollow Ce cage. These “superatom” states hybridize like the s and 
orbitals of hydrogen and alkali atoms into diatomic molecule-ike dimers and free-electron bands of 
‘one-dimensional wires and two-dimensional quantum wells in Cgs aggregates. We attribute the 
superatom states to the central potential binding an electron to it screening charge, a property expected 
for hollow-shell molecules derived from layered materials. 


hharge transport through organic mate- 
Fials occurs efficiently through cova- 
mntly conjugated x molecular orbital 
networks, but not when molecules are bound 
by weak van der Walls forces (7, 2). Buckmin- 
sterfullerene (Co) molecular crystal isa 
strongly correlated Mott-Hubbard solid 
high effective electron mass. When interea- 
lated by alkali atoms, Ceo can be transformed 
{into metalic, superconducting, insulating, and 
even magnetic phases (3), A low-temperature 
scanning tunneling microscopy (LT-STM) study 
of alkali ator-doped KC. monolayers (where 
.xis the mumber of K atoms) on Au(I11) surfaces 
found a doping-induced reentrant metal-insulator- 
‘metal phase transition involving previousty un- 
seen orientational ordering of Cap molecules. 
Wang et al. proposed that electron hopping 
between the x orbitals of the neighboring mo!- 
ecules creates anisouopic intermolecular interac- 
tions, which spontaneously drive the orientational 
ondering on the weakly interacting Au(1I1) sur 
face (4, 5). 

In an LE-STM study of Cio molecules on Cu 
surfaces, we found a completely different para- 
ddigm for the intermolecular electron delocaliza- 
tion involving isotropic interactions of atomlike 
electron orbitals centered on the nearly spherical 
Céq molecules, On Cu surfaces, the strong Cas 
molecule/substrate interactions hinder the spon- 
taneous orientational ordering: and. concomitant 
electron delocalization through the intermolec- 
ular x bond hybridization (6). Partial occupa 
tion of the lowest unoccupied molecular orbital 
(LUMO) through chemisorption induced charge 
transfer of up to two electrons per molecule fa- 
cilitates charge transport through the overiayer, 
but poor intermolecular wave function overlap 
still hinders it within the overlayer (7, 8). 
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‘Tus, it is surprising that in LT-STM images 
(Fig. 1) above a bins woitage of 35 V, we found a 
transition from the x molecular orbital to a nearly 
ffreelectron (NFE)-like character, wi 

dent in the extensive, wave function delocal- 
ization within one-dimensional (1D) and 2D 


Fig. 1. Topographic (Ato © 
and didV (D to D images of 
LDOS of a single Can mole- 
cule, 1D quantum wire, and 
2D quantum well. The quan- 
‘tum well i on 2 Cu(121) 
substrate, whereas all other 
images are for Coo mole- 
cules on 7.6 A-wide bare 
Cu lines between oxide do- 
mains on an OCu(110) sub- 
strate (6. (0) d2id/ spectra 
identifying specific tunnel- 
ing resonances in a single 
Ceqmolecule,amolecular di- 
mer, and a Cop sland. For 
Potentials up to 3.2 V [(0) 
‘and (O), the LOOS images 
show intramolecular struc- 
ture characteristics of the 
x orbitals localized on the 
atom framework. The com- 
plete absence of molecular 
contrast in the LDOS images 
taken above 3.5 V for dose- 
packed Coo aggregates is 
indicative of intermolecular 
‘wave function delocalization. 
The quantumwire images 
show the tansition from 
the localized molecular or- 
bital LDOS of LUMO+2 at 
28 to 32 V © to the 
delocalized one of s SAMO 
at 3.91 V (G). The comple- 
mentary smooth contrast 
over both the Cao island (H) 
and the bare Cu(112) sur 
face () regions reflects the 
NFE properties of SAMOs and 


A 


ta mononer 
Com simer 


IP states. The arrows indicate the bright contrast atthe edges and gaps of the quantum-wire antibor 


— Gyo island on Cu(111) 
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assemblies of Czo molecules. We used LT-STM 
and density functional theory (DFT) to study 
the character of Czy molecular orbitals that give 
rise to these NFE properties. We found that the 
extensive hybridization involves atomlike or- 
bitals bound by a central potential ofthe nearly 
spherical Ceo shell. Because this potential is set 
up by the universal screening and surface di- 
pole fields, we propose that these “superatom’” 
electronic states are a common property of hol- 
low molecules derived by wrapping or rolling of 
‘molecular sheets. 

We investigated the electronic structure of 
Cp molecules on Cu(111) and panially oxidized 
Cu(110)(21)-O surfaces (6, 9). By imaging 
chemisorbed Cp overiayers with constant-curent 
scanning (Fig 1, A to.C)(/0), we identified isolated- 
‘molecule, 1D wire, and partial 2D monolayer struc 
tures. We found the unoccupied states that mediate 
cectron tunneling through Czy molecules by recon 
ing the disance-voliage (¢-V) scans at different 
positions and numerically differentiating them to 
obtain di/dV spectra such as that shown in Fig, 1K 
(21, 12) Finally, we explored the electronic nature 


2.8x2.8 nm B 


A 4.60 V 


band (G) and the dark contrast at the edge of the quantum-well bonding band ()). 
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of specific do/dV resonances by imaging the 
local density of states (LDOS) with differential 
conductance (dlidV) scanning (Fig. 1, D to J). 
OurdsldV spectroscopic survey from single Cay 
‘moleculesto three molecular layers on O/Cu(110) 
and Cu(111) surfaces is consistent with previous 
assignments of the peaks at 1.5 and 2.8 to 3.2 V 
to the LUMO+I and LUMO*2 states with x* 
antibonding molecular orbital character [energies 
or bias potentials are referenced to the Fenn level 
(Ep)| (7,8, 13, 19). The LUMO*2 images (Fig. 1, 
Dand E) map through molecule electron-tunneling 
pathways that depend on the surface-specific or 
entation of Cia molecules and the spatial dist- 
bution of their x* molecular orbitals (7, 13, 15). 


Ce molecular arbitals 


By contrastto these molecular orbital-resolved 
mages, at potentials of 3.5 V and higher, the un- 
occupied states extend over the entire ID and 2D 
assemblies (Fig. 1, G.H, and J), Such wave fme- 
tion delocalization gives similar contrast to the 
image of the complementary bare-metal region 
where, at 436 V, tunneling occurs through the 
intrinsic ffee-electron-tihe image potential (IP) 
state of the Cu(111) surface (Fig. 11) (16). 

‘Strong electron delocalization for molecular 
‘quantum wells on the Cz/Au(111) surface has also 
‘been reported by Zim et al. (4). By angle- and 
time-resolved two-photon photoemission (2PP), 
Zhu et al. found a state at 3.7 eV with enerey- 
‘momentum dispersion characterized by an effec- 


i 
3 


Everaviev 


Fig. 2. (A) Calculated LUMO to LUMO+4 and s, p, and d SAMO wave functions for isolated Coo and Li@ Ceo 
‘molecules. The angle-averaged occupied-state wave functions find the cand x electron probability at, 25 
well as above and below, the C atom surface plane, whereas the SAMO probability density is centered on 
‘the hollow molecular core. The SAMO radial nodes appear at the x electron density maxima, as required 
by the n = 3 principle quantum number and the Pauli exclusion principle. The black line gives the 
angularly averaged DFT potential, Vi), showing the deep well of the C atom shell and the shallow 
screening potential of the hollow Czo core (expanded five times) (B and © C and Li atom localized and 
delocalized DOS for Cao and Li@ Cio. Charge transfer of the 2s electron from Li [yellow in center of Coo for 
Li@Coo in (A) to the LUMO of Cus causes the reference eneray to shift between (B) and (Q). Hybridization 
with the Li atomic orbitals lowers the energy of SAMOs with respect to the undoped cases referstoana = 


4 state. 


ig. 3. didV mapping of an indi- 
Vidal Co molecule’s SAMOS. As the 
‘measurement voltage is increased, 
the diidV images of a single Coo 
‘molecule evolve from the x* mo- 
lecular orbital character of LUMO+2 
to the core-centered 5, Pav Par Bye 
and the SAMO character. The charac 
teristic dark spot on the s SAMO 
‘occurs above the top Cuo pentagon. 
‘Tunneling through the image poten 
tial states ofthe substrate is respon- 
sible for the bright contrast above 
the metal and the oxide domains. 


tive mass only 14 times that ofa five electron. On 
the basis of their DFT calculations performed with 
‘an atomic-orbital basis set, Zhu ef al. attributed 
the delocalized state to the intermolecular hybrid- 
ization of the LUMO+2 or LUMO+3 states. 

To explain the marked change in the LT- 
‘STM images from the localized orbitals of 
LUMO?2 to the highly delocalized ones for the 
next higher-energy state, we performed plane- 
wave DFT calculations (7-20) for isolated ful- 
Jerenes of different sizes, fullerenes with endohe- 
ddral doping (21), and for Ca dimers. In Fig. 2, 
wwe have reproduced the well-known n* anti- 
bonding LUMO orbitals of the sp” hybridized C 
stom network (13). In addition, we found diffuse 
orbitals, which, acconding to their angle-averaged 
‘wave fictions in Fig, 2, are attached to the empty 
Ceo core rather than the C atom shell and have 
nodes at the x orbital density maxima. On the 
basis of their radial nodes, these core-bound 
states have the principle quantum mumber 7 
Whereas the o and x orbitals comespond to 
1 and 2 (9), Because they evoke the spherical 
hhanmonic shape of, p, and d symmetry atomic 
cxbitals comesponding to the orbital angular mo- 
‘mentum quantum numbers /=0, 1, and2, we dub 
them the superatom molecular orbitals (SAMOs), 

‘Toconfirm that the SAMOs calculated for free 
Ceo molecules give tise to atonlike orbitals on Cu 
surfaces, we searched for the > 0 counterparts 
and explored how SAMOs hybridize into delo- 
calized bands. Figure 3 shows dlidV images taken 
at several enemies above 3 V for a Cp molecule 
{isolated in a Cu trough on the O/Cu(110) surface 
(6). The LDOS images corresponding tothe three 
indicated regions of the di/dz spectra of Fig. 1K 
G5t043,46 104.9, and >5.0V) exhibit distinct 
monopolar (quantum number m = 0), dipolar 
(m= 1), and quadrupolar (m = 2) symmetry, 
corresponding to their dominant s, p, and d or- 
bital character, respectively (mr isthe surface pro- 
Jection of f). On the basis of the m ~ O symmetry 
‘and energy, we attribute the 3.70 and 4.15 V 
‘mages to the s and p. SAMOs. The s SAMO has 
a characteristic dark spot (diminished LDOS) in 
registry with the topmost pentagon of the Cap 
molecule, whereas the p. SAMO is more com- 
pact. The broken symmetry at the surface hybrid- 
izes the sand p. SAMOs into a bonding (3.70 V) 
and an antibonding (4.15 V) pait. The anisotropy 
of the O/Cu(110) surface lifs the degeneracy of 
the m = J SAMOs; the repulsion by the oxide 
domains along the (110) azimuth destabilizes the 
py SAMO with respect to the p, SAMO. Final 
based on its appearance, we assign the 5.0 V 
‘mage to hybridization ofthe py and d,- SAMOs. 
Because several p-d hybrid orbitals are ikely to 
{all into a narrow energy range, the assignment of 
4 SAMOs is uncertain. 

Having confirmed the existence of hydrogen 
cr alkali atomlike SAMOs, we then explored their 
hybridization into delocalized states of super- 
atomic matter. Figure 4 presents the calculated 
wave functions and observed images of s and p 
‘SAMOs hybridizing into ¢ and x symmetry bond 
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{ng and antibonding orbitals of superatom dimers 
‘The molecular orbitals derived from SAMOs, ike 
those of an H; molecule, can be classified by their 
nodal pattern in and orthogonal to the molecular 
plane. The 3.5 to 4.3 V region encompasses the 
bonding and antibonding hybridization of the s 
and p, SAMOs. The 4.60 to 4.95 V region shows 
a progression from the & bonding of p, SAMOs 
to the n* antibonding of the p. and p, SAMOs. 
Above 4.90 V, the dimer orbitals are more dif- 
fuse and may have additional d SAMO character 
‘Though obscured by congestion and broadening, 
the comparison between the do/d¥ spectra of 
the monomer and the dimer (Fig. 1K) suggests 
that the hybridization-induced shifts are small 
(0.2 V). By contrast to SAMOs, the LUMO+2 
dimer images in Fig, 4 show litle evidence of the 
intermolecular hybridization that could give rise 
to NFE character. 

In larger aggregates, SAMOs hybridize into 
1D quantum wires (Fig. 1G) and 2D quantum 
wells (Fig. 1, H and J), Electron delocalization 
‘within these extended structures is responsible for 
the vanishing molecular contrast and other telling 
features. Whereas s SAMO-derived images show 
uniform contrast, the m = 7 quantum well on 
Cu(111) (4.60 V) (Fig. LD, reflecting its origin in 
the hybridization of the degenerate p, and p, 
‘SAMOs, has nodes centered on Co molecules. 
Furthermore, near the edges of ID chains and 2D 
{islands (Fig, 1, G and J), the energy-dependent 
bonding and antibonding hybridization gives rise 
to distinct dark or bright boundary states (22). 


Having established that above 3.5 V SAMOs 
dominate the STM didV images of single and 
aggregated Ceo molecules, we next considered 
their physical origin. Emergence of the atomic- 
orbital character in a molecular system requires a 
central potential. For example, atomlike molec: 
ular Rydberg states exist because weakly bound 
‘electrons interacting with a molecular ion through 
the long-range Coulomb potential essentially do 
‘not penetrate into the motecular core. The SAMOs, 
hhowever, are distinct from Rydberg sates because 
their probability density resides substantially — 
and, for the s SAMO, dominantly—within the 
hollow Ceo core. Considering the Cz molecule 
asa hollow dielectric shell whose screening prop- 
erties are described by the angle averaged DFT 
potential in Fig. 2, we can reproduce the radial 
‘shapes but not the exact energies of the LUMO 
and SAMO wave functions. 

To explore the origin of SAMOs, we solved 
the Schrédinger equation using the form of the 
“angle -averaged DFT potential but varying the re- 
ative core and shell contributions. These calcu- 
lations show that the shell potential dominantly 
gives rise to the n= 2 HOMO (highest occupied 
molecular orbital) and LUMO orbitals, whereas 
the nearly constant attractive screening potential 
‘extending 0.25 nm from the molecular center is 
‘essential for the existence of the = 3 SAMOs 
(19, 23), The energy and shape of SAMOs also 
depend on the C atom shell potential, which 
locates the radial nodes at the x orbital density 


Fig. 4. Hybridization of the superatom orbitals of individual Cye molecules into the corresponding 
‘molecular orbitals of Cap dimers was investigated by DFT calculations and ddV imaging. The calculated 
‘orbitals are for isolated dimers, whereas the experimental LDOS images are for dimers on Cu troughs. The 
H atom-like s and p SAMOs combine to form o and x symmetry bonding and antibonding molecular 
orbitals resembling those of an Hz molecule. The correspondence between the calculated probability 
densities and measured LDOS is proposed on the basis of the observed nodal patterns. Overlap of several 
bands complicates assignments, particularly at higher measurement potentials. The dimer images show 
hhow the SAMO character evolves into the NFE properties of superatom matter. By contrast to SAMO 
‘images, LUMO+2 does not show substantial hybridization-induced changes in the LDOS. 
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‘The origin of the central potential within the 
Cap cote can be traced to the screening of an 
electron charge through the short-range exchange 
and correlation and the long-range Coulomb 
interactions. At a solid‘vacuum interface, these 
‘many-body interactions give rise to a series of IP 
states that converge to the vacuuim leve! and have 
NFE properties parallel to the surface (24), For 
2D molecular sheets such as graphene and hex- 
agonal BN, IP states should exist on both sides 
and hybridize into symmetric and antisymmetric 
linear combinations (25, 26). Stacking molecular 
sheets to form quasi-2D solids causes IP states to 
hybridize into interlayer bands characterized by a 
probability density peak between and NFE prop- 
entes parallel to the sheets (25, 26). 

Topological distortion of molecular sheets 
(hat is, wrapping or rolling them into 1D or OD 
molecules) also affects the bilateral IP states; the 
favorable screening of the concave surface sta 
bilizes the interior IP state with respect to the 
exterior one. Also, a dipole directed along the 
surface normal that is created by the curvature- 
induced hybridization of the o and x molecular 
states contributes an additional attractive poten- 
tial (26-28). The resuling internal potential gives 
rise to SAMOs, which can be thought of as OD 
{nteriayer states, whereas the external IP potential 
{sresponsible for the more weakly bound Rydberg 
states (29). Viewed asa consequence of the uni- 
versal surface screening and dipole potentials, 
‘SAMOs emerge as a general property acquired 
by rolling and wrapping 2D layered materials into 
1D nanotubes and OD hollow molecules. 

‘The 2PP band dispersions (/4) and LI-STM 
Images of delocalized wave functions together 
demonstrate that SAMOs impart metal-ike conduc 
tivity to the excited anion states of self assembled 
Cop structures: Because these properties derive from 
the topological modification and assembly, we 
postulate that SAMOs can impart previously un- 
seen electronic and optical properties to other 
layered materials. For example, the conduction 
bands of the hexagonal BN and BN nanotubes 
have NFE interlayer-state character (26). The 
‘SAMO properties also can be tuned through the 
cage size or intercalation. In Fig. 2, we present 
the calculated SAMO orbitals and the C and Li 
atom localized and delocalized density of states 
(OS) for L@Ceo, which Mustrate that an 
endohedral Li atom in the center of a Coo 
molecule stabilizes the s SAMO to 1.2 eV above 
Ep. In other calculations on single-wall carbon 
nanotubes, the intemal doping witha postive charge 
‘was shown to stabilize an interlayer derived NFE 
State by more than 3 eV to below Eg (27). Because 
the image and dipole potentials are universal prop- 
erties of the curved molecular sheets, the NFE 
states analogous to SAMOs should be a genera! 
property of hollow molecules such as fullerenes. 
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The Chemical Genomic Portrait of Yeast: 
Uncovering a Phenotype for All Genes 


‘Maureen E. Hillenmeyer,?* Eula Fung,” Jan Wildenhain,** Sarah E. Pierce,** Shawn Hoon,** 
William Lee,** Michael Proctor,* Robert P. St.0nge,* Mike Tyers,”** Daphne Koller, 


Russ B. Altman, 


Ronald W. Davis,” Corey Nislow,*” 


Guri Giaever®**} 


Genetics aims to understand the relation between genotype and phenotype. However, because 
complete deletion of most yeast genes (~80%) has no obvious phenotypic consequence in rich 
‘medium, itis difficult to study their functions. To uncover phenotypes for this nonessential fraction 
of the genome, we performed 1144 chemical genomic assays on the yeast whole-genome 
heterozygous and homozygous deletion collections and quantified the growth fitness of each 
deletion strain in the presence of chemical or environmental stress conditions. We found that 97% 
of gene deletions exhibited a measurable growth phenotype, suggesting that nearly all genes are 
essential for optimal growth in at least one condition. 


‘mall molecules are potent probes to hep 
‘understand cellular physiology [for review, 
see (J)]. The emergent field of chemical 

genomics promises that, by understanding the 

relations between small molecules and genes on 2 

systems level, we might understand genomic re- 

sponses to small molecule perturbants. We show 
thatthe global response of all protein-coding gene 
deletions tested with a panel of several hundred 
perturbations yields insight into gene dispens- 
ability, multidrug resistance, and gene functions 
within the Saccharomyces cerevisiae cell 

The diploid yeast deletion collections com- 
prise ~6000 heterozygous gene deletion strains 
and ~S000 homozygous gene deletion strains 

(1000 genes are essential) (2, 3). We tested the 

growth responses of these cells to over 400 small 

molecules and diverse environmental stresses. 


Surveying a large swath of ecological space al- 
lowed us to identify genes required for growth in 
‘each tested condition. Essential genes are a po- 
‘ential source of new drug targets (4), whereas 
nonessential genes have been proposed to con- 
tribute to genetic robustness (via compensation 
by redundant pathways) (5, 6) or to be required 
for growth in particular conditions (7). Our re- 
sults provide an experimental framework to test 
these hypotheses. We also identified previously 
‘unknown genes that fiction in multidrug resist 
‘ance (MDR), that is, those genes required for 
‘growth in the presence of multiple drugs. 

‘We screened small molecules from diverse 
sources and libraries, including drugs approved 
by the World Health Organization and the U.S. 
Food and Drug Administration, well-characterized 
‘chemical probes, and compounds with uncertain 


biological activity (tables S1 and $2). The struc- 
tural diversity of these compounds is comparable 
to that of approved drugs (fig. SI). We also 
assayed the effects of various environmental 
treatments and stresses (for example, depletion 
of amino acids or vitamins). We performed 726 
treatment experiments in each of the heterozy- 
gous deletion strains and 418 separate experi- 
‘ments in each of the homozygous strains, for a 
total of more than 6 million single-gene measure- 
‘ments. These sets include some repeated exper- 
{ments in which drug dose or exposure time was 
varied. Collapsing such repeats yielded a total of 
354 unique conditions for the heterozygous col- 
lection and 178 for the homozygous collection 
(124 of which were tested against both collection). 
A gene deletion strain was defined as sensitive to 
2 treatment if it showed a growth defect in the 
treatment relative to its growth in control (no 
drug) conditions. We defined significant sensi- 
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tivity and corrected for multiple comparisons by 
controlling the false discovery rate (FDR) to ~0.1 
for genes exhibiting any phenotype (8) (Bigs. S2 
and $3), 

Previous studies revealed that 34% of horno- 
zygous deletion strains display a distinct pheno- 
type (19% lethality and 15% fimess defect) when 
grown in rich medium (2, 3, 9). Three percent of 
heterozygous strains display a fitness defect (9) 
One interpretation of these observations is that 
the majority of the yeast genome is dispensable 
for growth. However, it is unlikely that yeast 
encounters such ideal conditions outside of the 


laboratory. In our experiments, neatly all of the 
deletion strains manifested a phenotype in one or 
‘more conditions (Fig. 1). 

In the experiments using homozygous dele- 
‘tion strains, onty 416 strains (containing deletions 
of 7% of the genome) did not manifest a phe- 
notype that was different from the no-drug 
‘control phenotype (hereafter “exhibited no phe- 
notype”). Because more than half ofthese 7% of 
the genome are either of unknown function or 
designated as dubious (/0), it is likely the 
‘majority do not encode proteins. Of the hetero- 
zygous deletion strain experiments, 2049 (34% 


REPORTS Q 


of the genome) exhibited no phenotype, Nearly 
a thind of these are either of unknown function 
or designated as dubious (10) and are also un- 
likely to be protein-coding. Only 20S strains 
(3%) failed to exhibit a phenotype under either 
homozygous or heterozygous conditions. Thus, 
considering all ~6000 yeast genes, 97% man- 
ifested a significant fitness defect when deleted. 
In.acontrol analysis of rich-mediuum experiments, 
only about 10% of strains manifested a false 
positive fitness defect [FDR of ~0.1 (Fig. 1A 
and figs. S2 and S3)]. We further tested the 
small Set of 205 deletion strains that showed no 


A Fig. 1. Fraction of 
B Consequences of deletions: ebreciceel ee 

3% ‘optimal growth under 

ts ‘experimental condi- 

2 Fi etrasy ciserer erat 2002) tions. (A) Percent of 
ge gene deletion strains 
Be ron ct eh meso that exhibit significant 
ee (Deutechoauer etal, 2005) sensitivity in at least 
is one treatment a5 a 
Growth detect io this stuty function of number 

2s Lee of experiments. per~ 
i % formed, ordered. by 
&§ il te stercrye ins sty date. We used a sig- 
— nificance threshold 

(escore P<1 x10 


A 


and P <1 x 10~ for homozygous and heterozygous experiments, respectively) that limited 
the FDR of genes exhibiting any phenotype to ~0.1 (igs. S2 and S3). Treatment experiments 
measure the growth of the deletion strains in a drug or altered environmental conditions; 


control experiments measure growth of the same deletion strains in no-drug rich medium (8). 
‘The percent of strains exhibiting a phenotype begins at the percentage previously observed in rich medium (3% for heterozygotes and 34% for homozygotes). 
(8) Percentage of yeast genes with a phenotype under particular conditions: 19% are essential genes, 15% exhibited a growth defect as homozygous deletions. 
in rch medium, and 63% exhibited a phenotype as either homozygous or heterozygous deletions under particular conditions in this study. 
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homozygous MOR genes. Shown are the impor- 


percent of deletion strains inhibited by the given percent of unique 
conditions at P < 0.01 (z score). Most strains are perturbed by multiple 
distinct conditions. Genes whose deletion strains showed sensitivity to at 
least 20% of the unique small molecules are defined as MOR genes. (B) 
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tant GO biological processes, molecular functions, and cellular compo- 
nents, the hypergeometric enrichment P value, and the locations of the 
processes in the cell. AP, adaptor protein; ESCRT, endosomal sorting 
‘complex required for transport. 
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growth defect: 62 deletions do not appear to 
encode proteins (10), and 155 are expressed at 
ow levels or not at all (//), This gene set was 
not enriched for duplicated genes (12), as might 
have been predicted by the redundancy hypoth 

esis (5-7), nor were duplicated gene deletion 
strains sensitive in a greater or fewer number of 
conditions than nonduplicated strains on average 
(Bg. $5), 

Certain deletion strains were sensitive to rmul- 
tiple drug treatments (Fig. 2A) (/3-15), and there 
fore the corresponding deleted genes appear to be 
required for resistance to diverse perturbations 
We therefore refer to them as multidrug resist 
ance (MDR) genes, with “multiple” defined as 
greater than 20% of all unique treatments. We 
predicted that MDR genes in our data would 
include well characterized pleiotropic effux pumps 
such as PDRS (human homolog is MDR?) and 
their regulators such as the transcription factor 
PDRI (16). These transporters do score as MDR 
{nour assay, but several hundred additional genes 
bbchaved similarly: In total, $1. genes were de- 
fined as MDR as heterozygous deletion strains, 
and 510 genes were defined as MDR as homo. 
zygous deletion strains (Fig. 2A). These genes 
are highly enriched for certain Gene Ontology 
functions (17), particularly endosome transport, 
vacuolar degradation, and transcription; together 
these cellular processes compose a coherent sys- 
tem (Fig. 2B). This coordinated system of endo- 
ceytosis and. vacuolar or lysosomal degradation, 
conserved from yeast to humans, isa mechanismn 
hereby the cell regulates transmembrane pro- 
teins, including the transporters PDRS, FUR4, 
and TAT! and signaling receptors (18). Subsets of 
these highly conserved pathways have been previ 
ously associated with MDR in yeast (J3-15, 19) 
‘These results are consistent with recent findings 
in mammalian cells that MDR is correlated with 
changes in intracellular trafficking (20, 22), al- 
though the exact contribution of these pathways 
to drug resistance is not known (22-25). The 
‘most frequently observed MDR gene was IRS#, 
and although it has not previously been asso- 
ciated with any drug response, we found that this 
gene conferred resistance to 55% of the unique 
compounds, IRS regulates phosphoinositdes 
(Pls), well-conserved second messengers that 
regulate vesicular trafficking, membrane trans 
Porters, and membrane lipid composition (18) 
‘These functions largely encompassed the remain. 
ing MDR genes" fimctions (Fig. 2B), suggesting 
that JRS¢ signaling may coondinate MDR specific 
pathways. To address this, we examined the MDR 
zenes that conferred resistance tothe same com- 
Pounds as JRS4; these genes were enriched for 
vesicle transport function (hypergeometric P< 
1 10™), whereas those genes not related to 
IRS# were not enriched, Additional interesting 
MDR genes included nine genes involved in 
aromatic amino acid biosynthesis (TRP2, TRP2, 
TRP3, TRP4, TRPS, AROL, ARO2, ARO?, and 
TKLI) and GCN4, a master transcriptional regu 
lator of amino acid biosynthesis (15). The sensi- 


tivity profiles ofthese strains were nearly identical to 
ne another, and the stains were sensitive to nearly 
30% of all tested compounds. Lastly, although 


TFs are essential) (26), we found that 16 TFs 
(10%) confemed MDR. Our compendium of con- 
ditions under which TFs are required for growth 


suggests experimental conditions to beter char- 
acterize these proteins. 
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Fig. 3. Gene clusters with similar co-fitness profiles and similar biological functions, extracted from two- 
‘way hierarchical clustering on the complete data set (using all genes and all experiments), Each cell in the 
matrix is a sensitivity score of the deletion strain in the experiment: yellow indicates that the strain was 
sensitive; blue indicates resistance. Essential genes are marked with asterisks, and open reading frames 
(ORFs) that overlap a dubious ORF are in parentheses. (A) CCT complex genes, mediators of cytoskeletal 
assembly, cluster as heterozygous deletion strains primarily because of sensitivity to the cytoskeletal 
disrupting agents latrunculin and benomyL (B) Genes of the proteasome core comple cluster in the 
heterozygous deletion assays because of sensitivity to three structurally similar compounds that target the 
lipid synthesis pathway. (C) Peroxisomal genes clustered as homozygous deletions because of sensitivity to 
hydrogen peroxide, high pH, and oxidative stress-inducing conditions. 
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We defined the co-fimess between any two 
genes as the correlation of their fitness profiles 
across all experiments (19). We clustered genes 
by this metric and found that those that are eo-fit 
often clustered by known function, having shared 
Gene Ontology biological processes and molecular 
functions (J7). Three examples of function- 
enriched clusters were extracted fom genomewide 
clustering, and they serve to validate co-finess as 
an informative metric that provides biological 
insight into the function of these genes. One 
heterozygous cluster (Fig. 3A) comprised all 
eight chaperonin-containing T (CCT) complex 
genes: TCP1, CCT2, CCT, CCT#, CCTS, CCT5 
(and its overlapping gene YDRI870), CCT7, and 
YJLOO9W, which overlaps CCT8. The CCT 
cytoskeletal-folding complex is essential and 
conserved between yeast and human. These 
strains were especially sensitive to the cyto- 
skeletal poisons latrunculin and benomy,ilus- 
trating cases where drugs and gene deletions act 
synergistically in an essential pathway to produce 
‘a phenotype. Another heterozygous deletion strain 
cluster included 13 of the 14 proteasome core 
complex genes and UMP!, a chaperone required 
for maturation of that complex (Fig. 3B). These 
strains were sensitive to alverine citrate, fenpro- 
pimorph, dyclonine, and dihydromotuporamine 
, all of which share a nitrogen-containing 
structural motif and may target the ipid synthesis 
pathway (4). This observation suggests a possible 
relation between lipid synthesis and proteasome 
mediated degradation. The cluster of homozy- 
‘gous strains shown in Fig. 3C contains 15 genes 
encoding components of the peroxisome, an or- 
ganelle conserved from yeast to human that is 
responsible for breakdown of peroxides and 
other metabolites (27), Not surprisingly, the dele- 
tion strains were sensitive to hydrogen peroxide, 
presumably because the defective peroxisome 
could not properiy metabolize it. The peroxisome 
requires a low pH, and the deletion strains were 
also sensitive to high pH. There is also growing 
evidence for peroxisomal involvement in manag- 
ing oxidative stress (27) interestingly, the dele- 
tion strains were sensitive in the presence of 
chemicals that induce oxidative stress, such as 
MPP+ (1-methy!-4-phenylpyridinium), paraquat, 
and sodium arsenate. 

Our finding that nearly all genes in yeast are 
required for wild-type growth in at least one experi- 
‘mental condition addresses the debate conceming 
the purpose of nonessential genes. The definition 
of essentialty is controversial, but under laboratory 
conditions over 80% of the genome is dispensable 
for life. We have found conditions that render the 
remaining genes essential for optimal growth in 
some condition and show that genetic redundancy 
is therefore limited in providing tolerance of the 
tested conditions (5-7), The chemical-genetic 
{interactions defined here are complementary to 
genetic interactions (28) and should improve the 
resolution of genetic and chemical-genetic interac- 
tion maps, with applications such as predicting 
ddrug activites and synergies (29, 30). 
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Wnt5a Control of Cell Polarity and 
Directional Movement by Polarized 
Redistribution of Adhesion Receptors 


Eric S. Witze,} Elizabeth S. Litman,*7 Gretchen M. Argast,” Randall T. Moon, Natalie G. Ahn*?* 


‘Mechanisms by which Wnt pathways integrate the organization of receptors, organelles, and 
cytoskeletal proteins to confer cell polarity and directional cell movement are incompletely 
understood. We show that acute responses to WntSa involve recruitment of actin, myosin IIB, 
Frizaled 3, and melanoma cell adhesion molecule into an intracellular structure in a melanoma cell 
line. In the presence of a chemokine gradient, this Wnt-mediated receptor-actin-myosin polarity 
(W-RAMP) structure accumulates asymmetrically at the cell periphery, where it triggers 
membrane contractility and nuclear movement in the direction of membrane retraction. The 
process requires endosome trafficking, is associated with multivesicular bodies, and is regulated by 
‘Wnt5a through the small guanosine triphosphatases Rab4 and Rho8. Thus, cell-autonomous 
mechanisms allow WntSa to control cell orientation, polarity, and directional movement in 
response to positional cues from chemokine gradients. 


signaling controls cell polarity and 

Grectional cell movement in develop- 

‘mental systems, as well as cell inva- 

sion in certain cancers. Features shared between 
noncanonical Wnt pathways include recruitment 
of Frizzled (Fz) receptors to the posterior end of 
cells, and asymmetric distribution of atypical cell 
adhesion molecules, often associated with Fz 
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(2). Thus, receptors redistribute, in response to 
Wont, to define an axis of asymmetry. In deve!- 
‘opmental systems, these processes can be reg- 
ulated by interactions with adjacent cells, which 
confer orientation with respect to surrounding 
tissues (/, 3). For example, during endoderm 
specification in Caenorhabditis elegans, the 
division plane in the four-ell blastomere is de- 
termined by a positional Wnt signal from a near- 
byP2 cell (A), In contrast, Wnt pathway mutations 
{in C. elegans that disrupt neuronal cell migration 
and polarity can be rescued by Wot overexpres- 
sion without requiring a localized source of 
ligand (5, 6). This suggests that directional pre- 
sentation of Wat to cells is not always needed for 


365 


B sce 


cell polarization, rather that Wint ligands act per- 
missively to allow cells to respond to environ- 
mental cues for longitudinal guidance and 
directional movement. In such cases, intra- 
cellular events responding directly to Wnt may 
be difficult to identify and distinguish from re 

sponses to cell-cell comtact or paracrine signaling. 

‘To adress this, we examined acute responses 
to WntSa in dispersed cells. WntSa expression 
comelates with high-grade, invasive human me!- 
anomas and promotes invasiveness in melanoma 
cell lines (7). Treatment of WM239A melanoms 
cells with purified Wat ligands showed expected 
signaling selectivity, where Wnt3a enhanced B- 
catenin-dependent transcription and muciear trans 
location, while WntSa enhanced protein kinase © 
(PKC) autophosphoryiation with litle effect on 
[catenin-dependent signaling (fig. SI) (8). 

WM239A cells treated with WntSa were 
immunostained for melanoma cell adhesion 
molecule (MCAM, also known as MUCI8 and 
(CD146), an immunoglobulin G-family cell ad- 
hesion receptor implicated in melanoma tumor- 
genesis and metastasis (9). In untreated cells, 
MCAM was distributed uniformly. However, teat 
‘ment of cells with Wnt5a for 30 min led to re 
distribution of MCAM into a polarized structure, 
which we call the WntSa-mediated receptor 
actin-myosin polarity (W-RAMP) structure, for 
reasons described below (Fig. 1, A and B). The 
W-RAMP structure was also observed in some 
untreated cells, but this was suppressed by 
depleting WntSa with RNA interference (RNAI) 
ig. 1B), which indicated that the basal signal 
results from autocrine responses to endogenous 
ligand, Similar W-RAMP structures were ob- 
served in WM1789 melanoma cells, as well asin 
Xenograft tumors derived from WM239A cells 
Fig, 1A and fig. SA), In contrast, Wni3a did 
not induce the W-RAMP structure over that of 
the controls did (Fig, 1B), 

In onder to address its relation to cell po- 
larization and orientation, the position of the W- 
RAMP structure was examined relative to Golgi, 
‘hich in polarized motile cels typically localizes 
to the anterior end. To provie a localized cue for 
positional orientation, melanoma cells were ex- 
posed to a gradient of CXCL12, a chemokine that 
signals through the CXCR4 receptor to promote 
cell invasion (10, 11). WM239< cells were placed 
in a chemotaxis chamber in the presence or ab- 
sence of WntSa and with CXCL12 in the chemo- 
attractant source chamber. After 30 min, cells were 
immunostained for MCAM and a Golgi marker 

Three pattems were observed: (2) W-RAMP 
structures were located distal to Golgi with 
respect to the nucleus, consistent with a posterior 
location; (i) W-RAMP structures were proximal 
to Golgi; or (i) Golgi were not clearly polarized. 
‘WntSa treatment increased the percentage of cells 
with Golgi postioned distal to the W-RAMP 
structures and decreased the percentages of other 
pattems (Fig. 1C). This indicates that WntSa 
enhances cell polarization, directing MCAM to 
the distal end. It is noteworthy that the response 


completely depended on the presence of chemo- 
kine, because without CXCL12, distal juxtaposi- 
tioning between MCAM and Golgi did not 
{increase and, infact, slightly decreased following 
‘WatSa treatment (Fig. 1C). Thus, WatSa pro- 
‘motes ce!l polarity in a manner that requires the 
(CXCLI2 gradicat. 

We examined the orientation of Golgi with 
respect to the CXCLI2 gradient source (Fig. 1D). 
WntSa increased the number of cells in which 
Golgi were pointed either toward or away from 
the CXCLI2 gradient and decreased the mumber 
of cells in which Golgi were not clearly polarized 
(Fig. 1D). However, WntSa did not substantially 
affect proximity of the W-RAMP structure rel- 
ative to the gradient source, and cells became 
polarized with Golgi and MCAM at distal ends, 
‘whether or not they were oriented toward CXCLI2. 
Inno case were cells oriented with their long axis 
perpendicular to the gradient, when Golgi and 
MCAM were distal to each other. Thus, WntSa 
induces polarization in dispersed cells, and. cell 
polarization and directionality can be defined by 
the formation of W-RAMP structures and their 
localization relative to Golgi. Chemotaxis towand 
(CXCLI2 is not an underlying cause of WatSa- 
induced polarization, although polarization re 
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«quires interactions with extemal factors that confer 
cues for positional orientation. 

LLive-cell imaging showed that the W-RAMP 
structure is dynamic. Endogencous MCAM, la- 
beled with antibody-coupled fluorophore, ap- 
peared polarized in cells within 25 min after 
‘WatSa addition. Enrichment of MCAM at one 
edge of the cell was in each case accompanied by 
rapid retraction of the membrane toward the cell 
body and nuclear movement in the same direc- 
tion, revealing coordination between membrane 
retraction and directional cell movement (Fig. 2A 
and movies SI to $4). Similar behavior was ob- 
served in cells transfected with MCAM fused to 
geen fluorescent protein (MCAM-GFP) and 
actin fused to monomeric red fluorescent protein 
(@RFP actin) (Hg. $3 and movies SS and $6). 

‘The sequence of events in cells responding to 
WatSa was distinct from untreated cells. In a 
random sampling of live cells, each monitored 
for 100 min, the W-RAMP stricture appeared in 
36% of cells treated with WntSa (8 of 22 cells), 
‘with an average duration of 16 min, WanSa-reated 
cells often showed multiple waves, with the first 
‘wave appearing within 10 min, and the majority 
ascciated with membrane reaction (Fig, , B and 
, and movies S7 to $9). In contrast, W-RAMP 
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Fig. 1. An asymmetric “W-RAMP structure” forms in 
response to WntSa and defines cell polarization and 
orientation. (A) Examples of cells with uniform 
MCAN localization versus asymmetric W-RAMP 
structures, observed by indirect immunofluorescence 
in WM239A cells treated for 30 min with or without 
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Whntsa or in WM1789 cells treated for 30 min with WntSa. Nuclei are shown by 4°6'-diamidino-2- 
phenylindole (DAPI) staining. (B) WntSa significantly increases the number of WMZ39A cells displaying 


asymmetric MCAM compared with control or Wnt3a-‘treated cells. [Data show means + SEM. *P < 0.005 by 


‘Student's t test. Number of experiments (n) 


|. Celis counted: control, 1391; WntSa, 1380; Wnt3a, 


1408] RNAi knockdown of endogenous WntSa reduces the number of cells exhibiting the W-RAMP 
structure under untreated conditions, from 6% to less than 0.9% (Data show means with highest and 
lowest values, n = 2. Cells counted: control, 648; WntSa-RNAi, 1051). (C) In the presence of CXCL12, 
WntSa increased the percentage of cells with W-RAMP structures (red) positioned distal to Golgi (green) 
(means + SEM *P < 0.005, n= 4. Cells counted: control, 99; WntSa, 136). In the absence of CXCLI2, 


WotSa did not affect the W-RAMP structure position relative to Golgi (n 


- Cells counted: control, 134; 


‘WntSa, 132). (D) WntSa increased the number of cells with Golgi pointed toward or away from the 


Gradient (class 1 and 3), with littie directional bias. 
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structures were found in only 11 
cells 3 of27 cells), none of whi 
ple waves. Single waves appeared afler 20 min 
‘with an average duration of 7 min and were never 
associated with membrane retraction (Fig. 2C, 
and movies S10 to S12). This revealed ~40% 
penetrance of the WntSa response within an 
asynchronous cell population and confined that, 
{in untreated cells, the lower frequency quantified 
at 30 min (12 to 15%) can be ascribed to the 
transient properties of the W-RAMP structure. 
In epithelial cells, tail-end recruitment of F 
actin and myosin IIB triggers membrane retrac 
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tion (12). We therefore examined the distribution 
of these proteins with respect to MCAM. In 


untreated melanoma cells, F-actin and myosin 
IIB were uniformly distributed throughout the 
cell. However, afier WatSa treatment, F-actin 
formed a dense band near cach W-RAMP 
structure, with close associations between F-actin 
and MCAM extending tothe cell edge (Fig. 34), 
‘Myosin IIB also localized to this region, over- 
tapping MCAM and the dense actin band (Fig. 34). 
Asymmetric F-sctin and myosin IIB structures, 
similar to MCAM, were also observed in xeno: 
graft tumors (fig. S2B). Thus, the organization 
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of the W-RAMP structure involves close asso- 
lations between cytoskeletal components and 
adhesion receptors. This parallels behavior 
in Drosophila wing epithelia, where actin and 
myosin IT organize asymmetrically to regulate 
‘wing hair formation in response to Wnt signal 
ing (13). 

‘We examined the role of F-actin and myosin 
IIB in forming the W-RAMP structure. Cell 
treatment with latrinculin B at concentrations 
high enough to block dynamic actin reorganiza- 
tion, but low enough to preserve actin stress 
fibers, completely prevented WntSa-reguiated 


Gy ere reracton® Fig. 2. Formation of the W-RAMP 
ing and relove a structure fs dynamic and associated with 
resemarcas ROME] Sen, wR 
TWiniSa: 8 of 2 calls GE%) cells were incubated with AlexaFluor- 

oui zal 4488-conjugated MCAM antibody and 
oa2| se Texas Red (TR}-ceramide. In response 
ota] - tb WntSa (in absence of CXCL12) MCAM 
oats — - decreases atthe lft end of the cell and 
ss ia | ‘increases at the right, followed by mem- 
a> brane retraction toward the W-RAMP 
EH strucure. TR-ceramide staining reveals 
nuclear translocation inthe direction of 

Untreated: 3 of 27 cas (17%) membrane retraction (arow).(B) The W- 

ont RAMP stucure forms in successive Waves. 
cat MCAM-GFP expressed in WMZ39A cells 
ca accumulates at one cell end (red arrow) 
© 70 20 30 4 8 60 70 8 50 700 followed by membrane retraction ater 
Time (min) ‘9 min). Asecond W-RAMP structure forms 

at the opposite cell end (blue arrow), 

followed by membrane retraction (after 27 min). A third W-RAMP structure (ed arrow) é followed 


bby membrane retraction at 30 min. (O Live ces were monitored continuously for MCAN-GFP 


localization. The xaxs represents time after addition of WhtSa. The length of each bar represents 
the duration of each wave of polarized accumulation of MCAM. Red versus bue line distinguish the relative end ofthe cell at which the wave forms. Arrowheads indicate cases. 
\where membrane retraction follows formation ofa wave, and the relative end of the cell t which the retraction occurs. Representative cells canbe viewed in movies S7 to S12. 


Fig. 3. The W-RAMP structure is 
formed through reciprocal interac- 
tions with actin and myosin 18. (A) 


= ‘ joe In WatSa-treated cells, myosin IIB 
McA EN sa ‘and F-actin form asymmetric struc 
____ ee tures that partially overlap with the 
— W-RAMP structure. (B) Latruncutin 
B (10 nM) pretreatment of cells 
‘onvol Ova strongly inhibits WntSa-dependent 

RNA RNAI 


formation of the W-RAMP structure 
(means + SEM; *P < 0.005. Cells 
counted: dimethyisulfoxide-treated, 


1362; LatB, 1538). (C) RNAI knock- 
down of MCAM expression leads to 
actin structures that are more dif- 
fuse and disorganized than con- 
trols, as well as complete abrogation 
cof myosin IB structures. (D) indirect 
immunofluorescence of WNZ39A 
cells shows that Fx3 colocalizes 
with the W-RAMP structure, but 
transferrin receptor does not. (E) 
Pull-down assay with immobilized 


glutathione S-transferaserhotekin reveals elevated RhoB-GTP in response to 
WntSa. Dvl2 knockdown blocks the activation of RhoB by WntSa. (F) Dvi2 RNAi 
knockdown abolishes W-RAMP structure in WntSa-treated cells (*P < 0.05, 


3. Cells counted: control RNAi, 1002; Dvl2-RNAi, 1139). (G) Transient transfection of cells with DN-RhoB blocks WntSa-dependent formation of the W- 


RAMP structure (*P < 0.05, 0 
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- Cells counted: WT-RhoB, 608; DN-RhoB, 590). 


VOL 320 


18 APRIL 2008 


367 


B cece 


368 


asymmetry of MCAM and myosin IIB without 
affecting overall cell morphology (Fig. 3B) 
Conversely, blocking MCAM expression by 
treating cells with MCAM-RNA\ before adding 
‘WntSa completely abolished the dense actin and 
myosin IIB bands in all cells, while allowing a 
‘more diffsse asymmetry of actin (Fig. 3C and fig. 
4). This demonstrates that polarization of the 
W-RAMP structure requires actin polymerization 
and that reciprocal interactions between MCAM 
and actin mediate recruitment of myosin IIB. We 
hypothesize that the transient and dynamic move 
‘ment of the W-RAMP structure triggers localized 
‘membrane retraction by directing reenuitment of 
actin and myosin IIB. Membrane retraction sub- 
sequently promotes nuclear movement, establish- 
{ng the directionality of cell locomotion. 

F23, a noncanonical Wnt receptor, was also 
recruited tothe W-RAMP structure, bt transferrin 
receptor, which is not involved in Wnt signaling, 
was not (Fig. 3D). Depletion of disheveled-2 
(Dvi2) by RNAi and inhibition of PKC com- 
pletely blocked the W-RAMP structure (Fig. 4, E 
and F, and fig. SSA). Thus, formation of the W- 
RAMP structure requires known effectors of non 
canonical Wnt signaling 


A 
y| 
MCAM 
a dat oa 


We also examined Rho guanosine triphos 
phatases (GTPases), because RhoA, in many 
instances, is important for Wat signaling (14). In 
vitro pulldown assays showed that WntSa en- 
hanced the abundance of guanosine triphosphate 
(GTP)-bound active RhoB within 1 hour of 
stimulation, but did not affect the amount of 
RhoA-GTP (Fig. 3E and fig. S5, B and ©) 
Expression of dominant-negatve mutant (DN) 
RhoB(T19N) (in which Thr is replaced by Amn) 
in WM239A cells followed by WntSa treatment 
suppressed the mumber of cells forming W: 
RAMP structures, down to amounts in untreated 
cells (Fig. 3G). Furthemnore, inhibition of Dvi2 
by RNAi blocked activation of RhoB, which 
confirmed that RhoB is a downstream effector of 
Wat (Fig. 3E}. These findings reveal the require- 
ment for RhoB in WatSa signaling, for contro 
ling the polarized distribution of MCAM and 
associated cytoskeletal proteins. 

Because RhoB directs endosome trafficking, 
‘we asked whether MCAM is localized to intra- 
cellular membrane compartments and whether 
W-RAMP structures are regulated by WatSa- 
responsive vesicle trafficking (15). WntSa pro 
‘motes membrane internalization (16), and such 
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Fig. 4. Formation and dynamic movement of the W-RAMP structure requires 
membrane intemalization and endosome recycling and is associated with 
multivesicular bodies. (A) Confocal Z-series reconstructed in the region of the MCAM 
structure (blue line), showed that MCAM (MCAM-specific antibody, green) and F-actin 
(phalloidin, red) are localized to both cytosolic and membrane regions and are excluded from the 
nucleus. (B) Electron micrographs show accumulation of membrane vesicles associated with the 
WRAMP structure. (Right) Higher magnification reveals that vesicles consist of multivesicular 
bodies (asterisks) interspersed among cytoskeletal filaments. (C Cells expressing DN-dynamin, easily 
distinguished by their higher immunoreactivity, showed higher percentages with uniform 
symmetric MAM localization and lower percentages with asymmetric MCAM localization (*P < 
0.005, n = 3. Cells counted: control, 167; DN-dynamin, 203). (D) DN-Rab4 blocks the ability of 
\WntSa to promote formation of W-RAMP structures, decreased significantly compared with 
WhtSa alone (*P <0.05, n= 4. Cells counted: control, 1019; WntSa, 1244; DN-Rab4, 1262; DN- 
Rab4+WntSa, 1034). (E) Red fluorescence from photoactivated MCAM-Dendra2 accumulates 
transiently in a perinuclear pool by 60 min, then at the opposite end of the cell by 71. min 
‘arrow, followed by membrane retraction. Colors from lowest to highest intensity are black, blue, 


behavior would parallel events in zebrafish gas- 
‘mulation, in which directional mesendoderma 
cell movement in response to Wntl1 requires 
endocytosis of E-cadherin and can be blocked by 
GTPase-defective mutant dynamin or DN Rabs 
(7). Confocal imaging showed that polarized 
MCAM and F-actin structures were excluded 
‘rom nuclei, but were otherwise present through- 
cout the cell body and not restricted to the cell 
membrane (Fig. 4), Visualizing W-RAMP- 
containing cells by electron microscopy revealed 
that the cell region that included the W-RAMP 
structure was dense with multivesicular bodies 
(MVBs) decorated with filamentous structures 
(Fig, 4B), which suggested that the W-RAMP 
structure is composed of MVBs associated with 
MCAM and polymerized cytoskeletal proteins. 
‘These findings are consistent with the requirement 
ofthe W-RAMPstructure for RhoB, which sknown 
to localize to and direct trafficking of MVBs (15). 

We tested whether formation of the W-RAMP 
structure depended on receptor intemalization 
and endosomal trafficking. A DN of dynamin 
(K44A, in which Lys" is replaced by Ala) blocks 
receplor-mediated endocytosis by inhibiting plas- 
‘ma membrane cleavage at the neck of invaginat- 
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ing vesicles (18). Cells transfected with DN 
dynamin completely suppressed MCAM asym- 
retry, which resulted in a uniform distribution of 
MCAM acoss the cel (Fig 4C), Thus, membrane 
intemalizaton, an inital step in endosomal tafick- 
{ng, was nevessary to form the W-RAMP structure. 

‘Because Rab directs early endosomes to the 
recycling endosome compartment, cells were 
transfected with DN-Rab4 (NI21I (in which 
Asn’”" is replaced by Ie) fused to GFP in order 
to block encdosome traficking. DN-Rabs blocked. 
formation of W-RAMP structures down to con- 
trol levels (Fig. 4D), which indicated that Rabi 
mediates WntSa signaling, as observed with 
Dvi2, dynamin, and RhoB. Although GFP-Rabd 
wwas not observed within W-RAMP structures, 
MCAM partially overlapped GFP-Rab$ within 
the perinuclear region, consistent with its associ 
ation with recycling endosomes (fig. $6). The 
results indicate that dynamic movement and 
intracellular translocation of MCAM is mediated 
via intemalization of MCAM and trafficking of 
receptor endosomes. This might occur through a 
linear pathway with WntSa upstream of Rab 
and other effectors, or through paralle! pathways 
involving convergence between WntSa and 
endosomal trafficking effectors. 

Cells forming W-RAMP structures typically 
displayed only one structure in each cell at any 
‘moment. This suggested that dynamic redist- 
bution of W-RAMP structures may involve 
release of MCAM from one region of the cell, 
movement to distal regions, and assembly into 
another structure. To test this, cells were trans- 
fected with MCAM fused to Dendra2, a photo- 
activatable protein, which, upon ultraviolet (UV) 
illumination, switches from green to red fiuores- 
cence (19). One-third of the cell area was UV- 
illuminated, followed by WatSa addition (Fig. 4E 


and movie $13). Within 15 to 30 min, photo- 
activated MCAM-Dendra? decreased within 
the illuminated region and, over 30 to 60 min, 
accumulated within a perinuclear compartment 
‘consistent with the location of Rab4-positive 
recycling endosomes. By 60 min, MCAM- 
‘Dendra2 appeared in punctate cytosolic pattems 
‘within the non-UV-lluminated region, followed 
by its accumulation at the cell edge and 
subsequent membrane retraction. This confirms 
that the W-RAMP structure is subject to tumover, 
‘where proteins are recycled in a process of 
disassembly, intracellular redistribution, and 
reassembly. Given the requirement for RhoB, 
‘dynamin, and Rab4, as well as the association of 
‘MVBs with the W-RAMP structure, we specu- 
late that tumover involves movement of 
MCAM through recycling endosomes and 
‘MVBs and intracellular translocation of 
MVBs. 

In conclusion, we report a mechanism by 
which dispersed cells respond acutely to non- 
‘canonical Wnt signaling: it involves recruitment 
and redistribution of cellular proteins into an 
{intracellular structure that integrates receptors for 
cell adhesion and cell signaling with components 
ofthe cytoskeletal architecture. In the presence of 
pinta hneccl Ste SWAP 


movement. This allows WntSa to contro! polarity 
and directional orientation, even in cells lacking 
positional information from cell-cell contacts. 
‘The W-RAMP structure requires Dvi2 and PKC, 
involves membrane intemalization and endo- 
‘some trafficking and is regulated by RhoB and 
formation of MVBs. This contrasts with other 
mechanisms, in which Wnt regulates cytoskeletal 
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architecture via RhoA and receptor distribution 
via endocytic pathways. Our findings add insight 
to the understanding of acute intracellular events 
mediated by Wat signaling. 
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A Model for Neuronal Competition 
During Development 


Christopher D. Deppmann,** Stefan Mihalas,*** Nikhil Sharma,*?+ 
Bonnie E. Lonze,** Ernst Niebur,*? David D. Ginty**+ 


We report that developmental competition between sympathetic neurons for survival is critically 


dependent on a sensit 


ation process ini 


ted by target innervation and mediated by a series 


of feedback loops. Target-derived nerve growth factor (NGF) promoted expression of its own 
receptor TrkA in mouse and rat neurons and prolonged TrkA-mediated signals. NGF also controlled 
expression of brain-derived neurotrophic factor and neurotrophin-4, which, through the receptor 
p75, can Kill neighboring neurons with low retrograde NGF-TrkA signaling whereas neurons 

with high NGF-TrkA signaling are protected. Perturbation of any of these feedback loops 
disrupts the dynamics of competition. We suggest that three target-initiated events are essential 
for rapid and robust competition between neurons: sensitization, paracrine apoptotic signaling, 


and protection from such effects. 


wn the developing peripheral nervous system, 
target tissues specify the amount of innerva- 
tion they receive by secreting limiting amounts 
of neurotrophic factors, which are required for 
neuronal survival (J, 2). The prototypic target 
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cell-derived neurotrophic factor, NGF, supports 
survival of developing sympathetic and cutaneous 
sensory neurons (3, 4). NGF engages its receptor 
tyrosine kinase THKA on the distal axon, and the 
NGF-TrkA complexes travel retrograde!y fiom 


the periphery to the cel! body, where they induce 
prosurvival signaling events and NGF-dependent 
transcriptional programs (5-10), 

To identify NGF-dependent transcriptional 
‘that may enable one neuron to gain com- 
petitive advantage over its neighbor with similar 
potential, we performed a comprehensive in 
vivo comparison of gene expression profiles of 
sympathetic neurons ‘solated fiom newly bom 
mice with an intact or ablated NGF locus (11) 
To circumvent the requirement of NGF for sur- 
vival, we used Bax’ animals, which are deficient 
{in sympathetic neuron apoptosis during devel- 
opment (J2-14), Expression of brain-derived 
neurotrophic factor (BDNF), rk, and another 
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neurotrophin receptor, p75, was decreased in the 
absence of NGF (lable SI and fig. SLA). NGF 
dependence of THkA expression was confirmed 
by in sim hybridization, immunohistochemistry, 
reverse transcriptase polymerase chain reaction 
(REPCR), and immunoblot analysis (Fig. 1, A 
and B, and fig. SIB). NGF also regulated ex- 
pression of krupple-like factor 7, ¢ transerip- 
tion factor that regulates THA expression (15) 
(Fig. 1B). Moreover, TrkA expression and 
downstream signaling were greatly reduced when 
cultured sympathetic neurons were deprived 
of NGF for 24 or 48 hours (Fig. 1C). We also 
compared the abundance of TrkA, activated 
phosphoTrA (p-TikA), and p-Akt in neurons 
‘with different maturities and found that the more 
‘mature neurons exhibited dramatic increases in 
all three markers of NGF prosurvival signaling 
(fg SIC). In addition to the difference in NGF 
signaling magnitude, the duration of prosurvival 
signaling increased as a fimction of NGF expo- 
sure and neuron maturity (Fig. 1, C and D) 
Prosurvival signaling remained robust for at 
Jeast 60 min after treatment with NGF in neurons 
deprived of NGF for 12 hours before treatment; 
neurons deprived of NGF for longer periods of 
time lost their ability to sustain prosurvival siz. 
naling. Taken together, these observations sug- 
gest the possibility that NGF induces feedback 
loops, in part through regulation of TrkA expres- 
sion, that contro! magnitude and duration of NGF 
signaling. 

To determine whether NGF-dependent gene 
expression events and resultant feedback loops 
undetlie the acquisition of competitive advan- 
tage, we tumed to a computational approach to 
‘mode! this process. Our model assigns one dif. 
ferential equation per neuron, representing the 
relative magnitude of trophic signaling, which we 
define as the amount of NGF-bound TekA within 
the neuron. Another differential equation was 
assigned for the concentration of NGF available 
atthe target, with the assumption that the rate of 
NGF production is constant. The outputs of these 
equations changed asa function of time (figs. S2 
and S3). Computer simulations were used to 
relate these two equations to neuronal survival; a 
neuron was considered dead if it reached a troph- 
ic signaling state of 10% or less of the maximum 
value, The results of these simulations are repre- 
sented in several forms, all with respect to time: 
@ trophic signaling for each modeled neuron 
Gig. 2, A to C), Gi) average trophic signaling 
ig. 2D), (i) total neuron number (Fig. 2E), and 
Gv) NGF concentration at the target (Fig. 2F), 

‘To assess the importance of NGF -dependent 
changes in both TikA expression and signal du- 
ration during neuronal competition, we con- 
ducted a simulation in which these terms were 
fixed and independent of exposure to NGF. In 
this paradigm, all neurons rapidly reached 2 
trophic steady state, and no competition occurred, 
‘which resulted in the survival of all neurons (Fig, 
2, Aand E), If either THA expression or signal 
duration was fixed and the other was allowed to 


change in relation to NGF exposure, competition 
also failed to occur (Fig. 2, B and E, and fig. $4), 
‘Both signal strength and duration had to change 
‘fier neuronal exposure to NGF in onder for 
effective competition to occur (Fig. 2, C and E), 
‘When competition occurred, some neurons 
obtained a high trophic signaling state and others 
reached a low trophic signaling state and 
ultimately died (Fig. 2E and fig. S4K), In this 
system, survival outcomes were fairly inde- 
pendent of starting conditions (figs. SS and S6), 
‘However, changes in NGF production, NGF. 
dependent TtkA expression, and TikA signal 
duration had lange effects on the dynamics of 
neuron elimination (figs. S7 to $9). Taken 
together, these modeling data indicate that target 
jnervation-dependent changes in TrkA.expres- 
‘sion and signal duration may be essential for 
neuronal competition 

(Clues from a mode! for synapse competition 
‘at the neuromuscular junction (16), as well as 
findings ffom our microarray analysis (fig. SLA 


A 


and table S1), led us to test whether, during com- 
petition for survival, neurons with high amounts 
of trophic signaling actively promote apoptosis 
of neurons with low trophic signaling, The puta- 
tive apoptotic cue should have several character- 
{stics: () It should Kill neurons with low trophic 
signaling, and (i it should emanate from neurons 
with sung trophic signaling. Gi) Neurons with 
strong trophic signaling should be impervious to 
the apoptotic cue, and (iv) apoptotic cue signaling 
should commence after expression of TrKA in- 
creased, BDNF and neurotrophin-4 (NT4) satisfy 
the criteria for the apoptotic cues: () BDNF and 
NT4 can promote apoptosis of sympathetic 
neurons through the receptor p75 (17, 18) (Fig. 
3, Cand D), and i) their expression is regulated 
by NGF in sympathetic neurons (Fig. 3, A and B, 
and table SI), (ii) Stong NGF-TrkA signaling 
blocks p7S-mediated Killing of sympathetic neu- 
rons (19) (Fig. 3F). (i) Finally, p75 expression in 
sympathetic neurons commences in vivo 2 days 
afier THKA expression (20), and this expression is 
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Fig. 1. NGF promotes TrkA expression and the duration of 
‘TrKA signaling events. (A) Immunohistochemistry for TrkA 

ine hydroxylase (TH) on SCGs from wild-type and 
“Bac animals. (B) TrkA, KLF7, and glycer- 
aldehyde-3-phosphate dehydrogenase (GAPDH) levels 
‘were measured by RT-PCR and THA and TH by Wester blot 
(8) after treatment of cultured rat sympathetic neurons with 
NGF (30 ng/mO for indicated times. (C) TrkA, p-ERK, p-Akt ° 
‘and Tu}! measured by WB in PO.S rat sympathetic neurons 


and 


Rolative P-Akt levels 
cal 
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‘that were deprived of NGF for the indicated times followed 
by reexposure to NGF (30 ng/ml) for 20 or 60 min. (D) Sympathetic neuron cultures from E18 rats were 
grown in the presence of 30 ng/ml NGF for 1 day in vitro (DIV) or 4 Divs. NGF-specific antibody (anti- 
NGF) vas added, and NGF signaling events were assessed at the indicated times after NGF deprivation. 
Graph compares relative p-Alt levels for this experiment. Scale bar in (A), SO um. *P < 0.05 analysis of 


variance (ANOVA) followed by Tukey's post hoc test. 


18 APRIL 2008 VOL320 SCIENCE wwsciencemag.org 


REPORTS L 


ig. 2. Requirement for both NGF-dependent TA expression and 
signal duration during competition revealed by computer 
simulations. Shown are model simulation resus for 100 neurons 
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under different competitive conditions. (A to C) Simulated trophic : * 
signaling state of 100 individual neurons with indicated ing 
parameters overtime. (A) THkA production and signaling duration —————— 
were held constant. (B) THkA production was NGF-dependent but gos 
signaling duration was held constant. (Q TrkA production and 3 h 
signaling duration were NGF-dependent. (D to F) Comparison of a 
‘various dynamic elements as a function of time in simulations from € Te 
(A) to (O. (0) Average trophic signal strength; (2) cell survival; (F) a2 1 
relative amount of NGF at the target. The black, green, and blue a 
lines in (0), (), and (F) represent results of simulations described A 3 
for (A), (B), and (O. fe es, 
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Fig. 3. Antagonism of retrograde NGF survival signaling by 
[NGF induced BDNF and NT expression in sympathetic neurons. 
(A) RT-PCR for BDNF, NT-4, and GAPDH with RNA from NGF- 
treated (24 hours) or NGF-deprived sympathetic neurons from 
PO mice grown 3 DIVs. (B) In situ hybridization for BONF and 
NT-4 in wild-type and NGF“;Bax* animals at PO. Scale bar, 
50 um. (C to F) Neurotrophin promoted p75-dependent cell, 
death of cultured sympathetic neurons. Indicated neuro- 
trophins were applied for 36 hours, cell survival was 
determined by Hoechst staining, and results are means = 
SEM (1 = 4 experiments). (Survival of PO to P2 rat 
sympathetic neurons maintained in medium containing NGF 
(1 ng/ml. Green dashed line represents maximum survival, and 
red dashed line indicates maximum death, both conditions were 
assessed after 36 hours with either 1. ngiml of NGF or NGF 
specific antibody (anti-NGF), respectively. (0) Survival of PO to 
P2 p75 ~~ or wild-type mouse sympathetic neurons treated with 
NGF (1 ngimor NGF-specific antibody (aNGA). (E and F) PO 
sympathetic neurons grown in compartmentalized chambers 
(fepresented by illustration left of graphs) for 5 to 7 days 
before medium was changed to contain NGF (5 ng/ml on the 
distal axons, The indicated neurotrophins or NGF-specific 
antibody (aNGF) was applied to the cell bodies for 36 hours 
before assessing survival. Unless otherwise indicated, BDNF and 
'NT-4 were applied at a concentration of 250 ngiml *P < 0.01 
ANOVA followed by Tukey's post hoc test. 
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regulated by NGF (21, 22) (table SI). Thus, we 
propose that BDNF and NT4 are NGF regulated 
apoptotic cues for developing sympathetic neu- 
rons and that innervation-dependent expression 
of p75 regulates a neuron’s susceptibility to these 
signals. 

We next sought to define other feamures of 
p75-mediated cell death. BDNF and NT4 caused 
dose-dependent killing of sympathetic neurons in 
the presence of concentrations of NGF insufi- 
cient to promote maximal activation of TrkA 
Fig. 30), In p75 / neurons, these neurotrophins 
hhad no effect on survival (18) (Fig. 3D), Next, the 
spatial properties of these apoptotic signals were 
characterized in a compartmentalized culture 


Fig. 4. Mathematical modeling predicts 
changes in competition dynamics that are 
corroborated in vivo. (A and B) Simula- 
tions of neuronal competition with and 
without NGF-dependent production of an 
apoptotic cue (red and blue, respectively). 
(A) Trophic signaling strength of 100 in- 
dividual neurons asa function of time. (8) 
Cell survival asa function of time. (C) Cell 
counts of Niss-stained SCG sections from 
p75 or wild-type mice at indicated de- 
velopmental ages. Results are means = 
SEM (n = 3 for each age). (D) immuno- 
staining for TH and TkA in SCGs from 
Bax and wild-type animals. Scale bar, 
50 jum. (Right) Boxed region in middle 
panels magnified Sx. (E and F) Quantifi- 
‘ation of soma size (E) and relative TrkA 
amount (F) in P5 Bax’ versus wild-type 
SCGs. Results are represented as a per- 
centage of total neurons counted. *P < 
(0.01 ANOVA followed by Tukey's post hoc 
test. (G) Model for developmental com- 
petition: 1) Before target innervation 
rheurons are modestly responsive to NGF; 
2) upon target innervation and exposure 
‘to NGF, levels of TrkA, then BDNF and 
NT-A are increased; 3) induction of p75 
expression, as well as differential sensi- 
tization of neurons, by modulation of 
NGF-TrkA signal strength and duration. 4) 
BDNF and NT-4 (apoptotic cues) kil 
neurons with low NGF-TkA signaling: 
neurons with high NGF-TrkA signaling 
are resistant; 5) selection and neuronal 
death 


Individual trophie signi 


Neurons (2%) 
sasnsgen 


system (23). Ifa low concentration of NGF was 
applied exclusively to distal axons and either 
BDNF or NT4 was applied to cell bodies, NGF- 
dependent survival was reduced to a similar ex- 
tent as that observed in mass cultures (Fig. 3, C 
and E), In contrast, if BDNF was applied exch. 
sively to distal avons, cell death was not observed, 
‘which suggested that apoptotic signals must be 
produced and act at the cell body to affect cell 
survival (Fig. 3F). Itis noteworthy that induction 
of cell death by BDNF-p7S signaling on the ccll 
body was suppressed when lager amounts of 
NGF were added to dist axons 

‘To determine the potential benefits of NGF- 
dependent expression of signals that promote 


death of neurons with low trophic signaling, we 
added several semiquantitative equations to the 
computational model presented in Fig. 2C to 
characterize the apoptotic signals and their re- 
ceptors. As determined experimentally for BDNF 
and NT4, the variable representing the amount of 
poptotic signal increases with neuronal expo- 
sure to NGF and has no effect on neurons with 
high retrograde NGF-TrkA signaling. Computer 
simulations revealed that the addition of this 
parameter hastened, by more than 10-fold, the 
Killing of those neurons that did not gain com 
petitive advantage through the sensitization 
process (Fig. 4, A and B), The extent to which 
the apoptotic signals hastened neuronal death was 
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dependent on how much NGF-TrkA signaling 
‘was required for protection and the rate of 
production of BDNF and NT4 in response to 
NGF (figs. $10 and S11), 

We thus propose a mode! (Fig. 4G) in which, 
before target innervation, sympathetic neurons 
are modesty responsive to NGF because of low 
‘KA levels. Upon target innervation, neurons 
acquire NGF, and subtle differences in initial 
amounts of NGF signaling are amplified through 
transcription dependent feedback loops into large 
cell-autonomous differences in both strength and 
duration of THkA. signaling, which are the ult 
‘mate determinants for whether a neuron lives or 
dies. We further propose that expeditious com- 
petition requires target innervation-cependent 
expression of apoptotic cues (BDNF and NT), 
susceptibility to such signals (expression of p75), 
and protection from apoptotic signals (strong 
retrograde NGF-TrkA signaling) (Fig. 4G and 
fig. S12). These features enable competition that 
is rapid, robust, and stable, even in a scenario in 
which all neurons arrive at their target simuita- 
neously and are virtually equivalent in their initial 
responsiveness to target derived NGF. 

‘Several predictions arise from this model. One 
prediction is that competing neurons distinguish 
themselves from one another on the basis of their 
amount of TrkA expression; those with abundant 
‘TikA live, whereas those with low amounts dic. 
Consistent with this prediction, in Bax’ mice at 
postnatal day 5 (PS), over half of the neurons had 
extremely low levels of THKA and small soma 
areas, whereas the ret of these neurons had larger 
amounts of TrkA and cell body areas comparable 
to those of wild-type controls (Fig. 4, D to F, and 
figs. $13 and S14), The mode! also predicts that, 
atrophic neurons in superior cervical ganglia 
(SCG) from PS Bax! mice should display 
persistent p75-mediated apoptotic signals given 
that these are neurons that would normally have 
died during developmental competition. Indeed, 
compared with neurons with high TrkA. expres. 
sion, atrophicneurons in Bax ‘ ganglia have large 
amounts of p75 and p75-dependent signaling 
as measured by immunostaining of the phos 
phorylated c-Jun transcription factor (igs. S17 
and $18). 

Finally, the notion that the NGF-dependent 
apoptotic signal hastens but does not change the 
fundamental elements of competition was tested 
inmice lacking p7S. A developmental time course 
comparing numbers of SCG neurons in wild-type 
and p75’ animals was performed at embryonic 
day 18 (E18), PO, P3, P21, and 6 months of age 
As predicted by the modeling data (Fig. 4, A and 
B), SCGs from wild-type and p75‘ animals had 
a similar number of neurons at E18, whereas PO 
and P3 p75 ' SCGs had ~40% excess of neurons 
compared with wild-type animals. At 6 months of 
age, p75! SCGs had the same number of neu- 
rons as control SCGs (Fig. 4C) [see also (18, 24)] 

‘These genetic and computational modeling 
data show that two neurotrophin receptors and 
potentially three neuotophin ligands orchestrate 
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developmental competition between SCG neurons 
‘through a series of feedback loops. Although the 
‘cast of players for other populations of competing 
neurons is almost certain to be different from those 
‘that coordinate competition in the SOG, we sug- 
sgestthat the underying principles of target ntinted 
sensitization, paracrine apoptotic signaling, and 
protection from apoptotic signals are common féa- 
tures of neuronal competition at lage. 
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Recapitulation of IVIG 
Anti-Inflammatory Activity 
with a Recombinant IgG Fe 


Robert M. Anthony,* Falk Nimmerjahn,2* David J. Ashline, Vernon N. Reinhold,? 


‘James C. Paulson,’ Jeffrey V. Ravetch** 


It is well established that high doses of monomeric immunoglobulin G (IgG) purified from 


pooled human plasma [intravenous immunoglobulin (IVIG)] confer anti 


flammatory activity in a 


variety of autoimmune settings. However, exactly how those effects are mediated is not clear 


because of the heterogeneity of IVIG. Recent studies have demonstrated that the an 


inflammatory 


activity of IgG is completely dependent on sialylation of the N-linked glycan of the l9G Fc 
fragment. Here we determine the precise glycan requirements for this anti-inflammatory 

activity, allowing us to engineer an appropriate 1gG1 Fc fragment, and thus generate a fully 
recombinant, sialylated IgG1 Fc with greatly enhanced potency. This therapeutic molecule precisely 
defines the biologically active component of IVIG and helps guide development of an IVIG 
replacement with improved activity and availability. 


Ithough originally used as an antibody- 
replacement therapy, when given at high 
doses (I to 2 gikg), intravenous immu- 

noglobulin (IVIG) has general antiinflammatory 

‘properties and has been widely used to treat auto- 

{immmune diseases, including immune thrombocy- 

topenia (TP), rheumatoid arthritis, and systemic 

Iupus erythematosus. The ant-infammatory activ- 

ity of IVIG has been demonstrated in a variety of 


animal models of autoimmunity, including auto- 
antibody ITP (1), serum-transfer arthritis (2), and 
nephrotoxic nephritis (3) and is a property of the 
Fe fragment and its associated glycan (I, 4, 5) 
Removal of the tenminal sialic acid from IVIG or 
its papain-derived Fe fragment abrogates the anti- 
{inflammatory activity in these animal models. 
Conversely, enrichment of the sialylated fraction 
of IVIG enhances this activity (4) 
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Because sialic acid can be found in either a 
23- of 2,6-linkage to the penultimate galactose 
oon the complex, biantennary glycan found at 
Asn” in immunoglobulin G (IgG) (Fig. 1A)(6), 
‘we set out to determine which linkage type was 
present in IVIG by analyzing the enzymatically 
released N-linked glycan from Fe fagments de- 
rived from IVIG (Fig. 1, B to D) (7). Sequential 
‘mass spectromettic-hased glycan analysis revealed 
a preferential 2,6-linkage in the IVIG prepara- 
tions that confemed antiinflammatory activity 
(Fig. 1, B to D), To confirm this association, we 
next analyzed IVIG activity after treatment with 
either 2,3- or2,3/2,6-sialidase (SA) in the K/BXN 
serum-transfer arthritis mode! (8). Consistent with 
the glycan analysis, we observed complete abro- 
gation ofthe anti-inflammatory activity when the 


2,6-linkages were removed (Fig. 1E and fig. $1) 
In contrast, no 2,3-linkages were detected on in- 
tact IVIG, and the ant-inflammatory activity was 
‘unaffected after 2.3-SA treatment. These results 
are in agreement with previous studies that de- 
tected a preferential utilization of the 2,6-linkage 
of sialic acid-galactose in human IgG prepara- 
tions and preferential expression of the 2,6- 
sialyltransferase (2,6ST) in B cells (913). 

To determine whether the preferential 2.6- 
Salic acid-galactose linkage was a necessary and 
sufficient property of the antiinflammatory actv- 
ity of the sialylated, N-linked glycan at Asi”, 
‘we generated IVIG-derived Fe fragments termi 
nating in ether the 23- or 2,6-sialic acid linkage. 
To efficiently sialyiate the Fe ffagment derived 
from IVIG, we first converted the population of 
yeans to the G2 (digalactosy‘ated) (14, 15) fonm 
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‘by in-vitro treatment with B14-galactosyltrasierase, 
resulting in a twofold increase in terminal galactose 
as determined by Exythrina cristagali lectin (ECL) 
binding (Fig. 2, A and B), This galactosyiated 
substrate was then reacted with either 2,3- 
Sialyliransferase (2,3ST) or 2,6ST (Fig. 2A and 
fig. S2A). In vitro sialylation was evaluated 
dizectiy by lecin bloting for 23-and 2,6 linkages 
(Fig 20) and indirectly by assaying for reduced 


terminal galactose (ECL binding) (fig. $2, A and 
B), The 2,6ST quantitatively converted the G2 
giyean to a fully sialylated form, as demonstrated 
by the absence of ECL reactivity (fg. S2). The 
efficiency of the 2,3ST was estimated to be 
~S0%6, on the basis of residual ECL binding to 
these reacted Fe-linked glycans (fig. S2). ECL 
also bound the Sambuctes nigra lectin (SNA) 
enriched Fe derived ffom IVIG (SNA* Fe), which 
contained ~30% fully sialylated Fe glycans (fig. 
'S2), representing a 10-fold enrichment in sialic 
acid, as compared with unfractionated IVIG- 
derived Fe fragments. This level of sialylation 
observed in the SNA-enriched IVIG Fe fragments 
‘was sufficient to induce an antiinflammatory 
response at a 10-fold reduced dose (as compared 
‘with unfractionated [VIG) and was demonstrated 
to confer enhanced ant-inflammatory activity 
through a pathway that requires the up-regulation 
of the inhibitory FeyR on effector inflammatory 
‘macrophages (3,4). 

We then administered these preparations to 
mice (table S1) in the K/BxN serum induced 
arthritis model, Joint inflammation was effectively 
reduced by administering either the SNA* IVIG Fe 
fragments, as has been observed previously (4), 
or the in vitro 2,68T-treated IVIG Fe fragments 
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1. a2,6-linkages are the predominant sialic acid linkages on IVIG Fe 
clycans. (A) The IgG Fc alycan is a bisecting core of seven sugars (black) and 
an vary ata numberof positions by the addition of fucose (green) to the core, 
a bisecting GleNAc (gray), or by the addition of galactose (blue) and some- 
times sialic acid (red) to the arms. NeuSAc, N-acetylneuraminic acid Gialic 
acid); Man, mannose. (B) Sequential mass spectrometry (MS) analysis of SNA- 
enriched VIG Fe glycans was performed to determine the sialic acid linkage 
‘ype and relative proportion of the linkages in the active component of IVIG. 
‘The resulting footprint of the B/Y galactosyl fragment monomer derived from 
the SNAenriched Fc glycan was compared to the analogous B/Y fragments 
from (C) 23-sialyllactose and (D) 2,6-sialylactose standards; the B/Y 
fragments derived from standards are depicted with the corresponding 
histogram. The spectrum generated from the SNA” IVIG Fc glycan (B) most 
closely matches that of 2,6-sialyllactose (0), particulary with respect to the 
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massicharge ratio (avz) 123 and 95 fragments and the much smaller 
abundances of mv 137 and 109 ions. Next, IVIG was treated with linkage- 
specific SAs to remove only 2,3- (a2,3SA) or both 2,3- and 2,6- (a2,3/6SA) 
sialic acids. Me, methyl (E) The SActreated IVIG preparations were admin- 
istered to mice prior to K/BXN sera, and footpad swelling was monitored over 
the next 7 days and recorded as cinical scores. Means and SDs (error bars) of, 
five mice per group 5 days posttreatment are plotted. *P < 0.05, as deter- 
‘mined by an analysis of variance (ANOVA) test, followed by a Tukey post 
hoc test. 
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(Fig. 34). Suppression of inflammation was 
comparable with these two preparations and was 
10-fold more active than the total Fe fragments 
derived from IVIG. In contrast IVIG Fe fragments 
sialylated in vitro with 2,3ST were ineffective at 
reducing the joint inflammation induced by K/BXN 
serum (Fig. 3A), even at fourfold higher doses 
(fig. 82). 

{In contrast to the sialic acid-galactose linkage 
specificity for Fe anti-inflammatory activity, the 
effect of sialylation of Fe receptor (FcR) binding 
and the consequent cytotoxicity was linkage- 
independent. Both terminal 2,3- and 2,6- in vitro 
sialylated IgG Fe reduced the cytotoxicity of an 
antiplatelet antibody, 6A6-1gG26, in an in vivo 
model of ITP (Fig. 3B), consistent with previous 
studies (4, 16). Thus, the effect of Fe sialylation 
on the cytotoxicity of an IgG antibody is not 
dependent on the specificity of the linkage to 
the pemultimate galactose. In contrast, the ant 
{inflammatory activity of the sialylated IgG Fe 
fragment a property we have previously dem- 
onstrated to be independent of the canonical IgG 
Fe receptors (4, 5)] displayed a clear preference 
for the 2,6-sialic acid-galactose linkage (Fig. 3A 
and fig, S2B), These results further support our 
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FFig. 2. In vito silylation of IVIG Fes. (A) As show in the schematic diagram of 
the sialyation strategy, IVIG Fe fragments were initially treated with 2,316 SA (to 
‘remove all sialic acd residues), galactosylate (vith 3.460, and finally sialylated 
With ether 2,3-oF 2,6ST (a2,3ST and a2, 6ST, respectively). (B) Galactosylation 
was verified by lectin blotting with ECL (top), which recognizes terminal 


‘previous observations that the ant-inflammatory 
property of IVIG is mediated through a distinct 
pathway (4, 5) that does not involve binding to 
‘canonical FeyRs. 

To filly demonstrate that the in vivo anti 
inflammatory activity of the 2,6-sialylated IgG 
Fei solely a property of the IgG Fe glycan and 
not the result of other components that might be 
found in the heterogeneous IVIG Fe preparations, 
‘we set out to recapitulate the antiinflammatory 
activity of sialylated IVIG Fe using a homoge- 
neous, recombinant inman IgG1 Fe subst 
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the 1000 10 2000 mg/kg required for native IVIG 
(able St), 

The exquisite specificity of glycan structures 
has long been appreciated as providing the struc- 
tural basis for discrete biological responses, in- 
cluding lectins purified from plants (17), viruses 
(28-20), bacteria (18, 21), and parasites (22, 23). 
‘The results reported here demonstrate that the 
Sialic acid-galactose linkage specificity for the 
Nelnked glycan of the IgG Fe confers anti- 
{inflammatory activity on the IpG and is a property 
of both the giycan and amino acid sequence (4) 


(GF) derived from a cDNA eqpessal in 293T 
cells. The purified recombinant human IgG1 Fe 
fragment was glycan engineered in vitro (as de- 
scribed above) by BlL4-galactosylation, followed 
by 2,6-sialylation (Fig. 44). The preparation 
‘was purified and characterized by lectin blotting 
(Fig. 4A) before in vivo analysis. As shown in 
Fig. 4B, the 2,6-sialylated recombinant human 
IgGl Fe fragment demonstrated comparable anti 
to that obtained with ei- 
ther IVIG-derived sialic-enriched Fe fragments 
(SNA" IVIG Fe) or in vitto 2,6-salylated IVIG 
derived Fe fragments. Each of these prepara 
tions was active at 30 mgkkg, as compared with 


The observation that the ant-inflammatory 
activity of IVIG is dependent on a precise g’vean 
structure on the Fe further supports the model we 
have previously advanced (4, 5}—one in which a 
specific receptor for the sialylated Fe, and not a 
canonical Fe receptor, is involved in this path 
way. Our data support a mode! in which the 
binding of the 2,6-sialylated Fe to its cognate 
receptor expressed on a population of splenic 
‘macrophages in the mouse results in the trans up- 
regulation of the inhibitory IgG Fe receptor on 
effector macrophages, located at sites of inflam- 
tation (such as the inflamed joint or glomeru 
Jus), thus raising the threshold required for 


‘galactose residues. Relative band intensity ratios of ECL to coomassie load 
controls are plotted (bottom). (C) Galactosylated Fes were then sialylated with 
2.3-oF 2.65T, and each salvation reaction was confirmed by lectin blotting for, 
2.6-inkages with SNA (top) and 2,3-linkages with Maackio amurensis lectin | 
(QAAL 1) (middle). Coomassie stained loading controls are shown (bottom). 


3. Sialic acid-dependent IgG antiinflammatory A 
activity is linkage specific, although attenuation of 
antibody-dependent cytotoxicity is not. (A) In vitro 
sialylated IMIG Fes were administered to mice 1 hour 


5 


i 

4 

i 
8 
spigot 


. same ie | —| 
before K/BxN sera, and paw swelling was monitored Mor" mt : ia 
lover the next several days. Means and SDs (error bars) cswig zest 3 t a 
of four me per group are plated. *P < 0.05, as =m zo a 
determined by ANOVA followed by Tukeys post oC xyuy ser is _— 
test (B) To determine whether the reduced antibody. . seuss 


dependent cell-mediated cytotoxicity of sialylated —Sisigaen ast 
antibodies was also dependent on specific linkages, a a a 5 oe mo 
platelet-depleting 6Aé-igGZb antibodies were sialy- Hous 

lated and administered to mice, and platelet counts 

were determined at 0, 4, and 24 hours after treatment. Means and SDs (error bars of five mice per group are plotted; *P < 0.05, as determined by ANOVA, 
followed by Tukey's post hoc test. 
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Fig. 4. Recombinant, sialylated IgG 
Fe fragments are antiinflammatory 
and comparable to native IMG. Recom- 
binant human IgG1 was digested with 
papain, and Fes were purified by high- 
performance liquid chromatography, 
followed by protein G purification. The 
tes were galactosylated and sialylated 
in vitro with «2,6ST. (A) Glycosylation was confirmed by lectin blotting for terminal galactose with ECL 
(top) or a2,6-sialic acid with SNA (middle); coomassie loading controls are show (bottom). (B) Mice were 
administered 1 g/kg IVIG, 0.033 g/kg SNA” INIG Fes, or 0.33 g/kg silylated rFc(2,6ST rFc) 1 hour before 
UBKN sera, and footpad swelling was monitored over the next several days. Means and SDs (error bars) of 
clinical scores of four to five mice per group are plotted. *P < 0.05, as determined by Kruskal-Wallis 


o 2 4 6 6 © 2 uw 
Day 5 Circa Soo 


ANOVA, followed by Dunn's post hoc test. 


cytotoxic IgGs to engage activation FeRs and 
trigger inflammatory responses (I, 2, 5, 24). Along 
these lines, we have observed the preferential 
binding of 2,6-Fes to marginal-2one macro- 
phages, implicating a lectin expressed on these 
cells in this anti-inflammatory activity of IVIG. 
Furthermore, if our ability to recapitulate this 
antiinflammatory property of IVIG in a re 
combinant molecule at a much reduced dose 
can be reproduced in the treatment of human 
autoimmune diseases, the studies described 
here will facilitate the development of this 
recombinant alternative as a broadly acting 


antiinflammatory drug for the treatment of 
autoimmune disorders. 
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Reconstitution of Pilus Assembly 
Reveals a Bacterial Outer 


Membrane Catalyst 


‘Mireille Nishiyama, Takashi Ishikawa, Helene Rechsteiner, Rudi Glockshuber= 


‘Type 2 pili from uropathogenic Escherichia coli are a prototype of adhesive surface organelles 
assembled and secreted by the conserved chaperone/usher pathway. We reconstituted type 2 pilus 
biogenesis from purified pilus proteins. The usher FimD acted as a catalyst to accelerate the 
ordered assembly of protein subunits independently of cellular energy. Its activity was highly 
dependent on the adhesin subunit FimH, which triggered the conversion of FimD into 2 high 
efficiency assembly catalyst. Furthermore, a simple kinetic model adequately rationalized 


usher-catalyzed 


lus assembly in vivo. Our results contribute to a mechanistic understanding of 


protein-catalyzed biogenesis of supramolecular protein complexes at the bacterial outer cell membrane. 


dhesive pili are filamentous proteina. 
ceous surface organelles that mediate ad- 
thesion and invasion of pathogenic bacteria 
to host tissues (/, 2). Type 1 pili, an important 
virulence factor in uropathogenic Escherichia 
col strains (3), consist of a rigid helical rod com. 
posed of multiple copies of the major subunit, 


FimA, and a shor linear tip fibrlium formed by 
subunits FimF and FimG and the adhesin FimH 
@ Gig, 1A), FimH differs from all other sub- 
units in that its pilin domain is linked to an 
amino-terminal mannose-binding lectin domain 
that recognizes the target receptor uroplakin Ia 
(5, 6). Biogenesis of type | pili is govemed by the 


conserved chaperone‘usher pathway (7, 8) In the 
periplasm, the pilus chaperone, FimC, forms stoi- 
chiometric complexes with individual type 1 pilus 
subunits and directs them to the outer membrane 
usher, FimD. In FimC-subumit complexes, the 
incomplete immunoglobulin-like fold of the sub 

‘units is completed by a B-strand segment of Fim 
(5, 9). During pilus assembly, this segment of the 
chaperone is replaced by an amino-terminal ex- 
tension of an incoming subunit in reaction 
termed donor strand exchange (DSE) (10-13) 

‘The usher, FimD, orchestrates the entire assembly 
and secretion process atthe outer membrane and 
is pivotal for pilus biogenesis. It uses an amino- 
terminal periplasmic domain, termed FimDx, for 
the recognition and discrimination of incoming 
chaperone-subunit complexes (14), Left unex- 
plored are the processes that follow this initial 
binding event. The potential function of the usher 
as catalyst in subunit assembly has been proposed 
(7, 22,13) butnever demonstrated experimentally. 


instute f Molec Bilogy and Biophysics, Fdgenduische 
Technische Hochschule (14) Zurich, 8093 Zurch, Seized. 
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We have overproduced and purified FimD 
from £. coli outer membranes (fig. S1, A to D) 


‘monomers complexed with FimC (15). Spon- 
taneous assembly of FimA at 37°C proceeded 
very slowly, with a half-life of about 10 hours 
Gig, 1B), Electron microscopic analysis revealed 
short pilus fiagments with a relatively uniform 
length distribution and an average length of 35 
nm (Fig. 1C), These assemblies were considera- 


bly shorter than a typical pilus rod in vivo (4) 
However, when FimD, pre-incubated with FimC- 
FimH (see below), was add in catalytic amounts 
to FimC-FimA, the FimC-FimA poo! was com- 
pletely depleted within 20 min (Fig. 1B). More- 
‘over nativelike pili with an average length of about 
05 ym were generated (Fig. 1D and fig. S2). EF 
ficient pus assembly therefore requires no cellular 
‘components other than pilus subunits, FimC, and 
‘FimD, and both pilus assembly and secretion pro- 
ceed independently of celular enemy. This agrees 
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ig. 1. The usher FimD catalyzes FimA polymerization. (A) Schematic of type 1 pilus assembly via 


‘the chaperone/usher pathway. (B) Kinetics of spontaneous and FimD-catalyzed polymerization of 
FimA at 37°C, Initial concentrations were 5 uMt for FimC-FimA and 0.25 uM each for FimD, Fim¢- 


FimH, and FimC-Fim 


(C to E) Electron micrographs (top) and length distribution histograms 


(bottom) of generated pili. Arrows in (E) indicate short pilus fragments coexisting with longer pili. 
(F) Activation of FimD by equimolar amounts of FimC-FimH. The solid line represents a fit to first- 
order kinetics. (G) Catalytic activity of Fim as a function of the molar FimC-FimH equivalents used 


for FimD activation. 


wwwsciencemag.org SCIENCE VOL 320 


REPORTS t 


with the finding that nether nucleotide hydrolysis 
nor an electrochemical gradient is required for 
pilus formation in vivo (16). 

The high acceleration of FimA polymeriza- 
tion was observed only when FimD was pre- 
{incubated with an equimolar concentration of 
FimC-FimH. FimD alone accelerated FimA po- 
lymerization only marginally (Fig. 1B), Similar 
low activities were observed when FimD was 
pre-incubated with FimC-FimF, FimC-FimG, 
FimC-FimHp (FimHy denotes the isolated FimH 
pilin domain), the isolated FimH lectin domain, 
ora 1:1 mixture of FimC-FimHy and the lectin 
domain (Fig, 1B and figs. $3A and S4), Therefore, 
the ability to convert FimD into a high-efficiency 
assembly catalyst is restricted to FimC-FimH, 
and the FimH lectin domain is essential for the 
activation of FimD. These data rationalize pre- 
vious observations that a FimH variant lacking 
the lectin domain fails to restore FimH deficiency 
in vivo (17). 

In the absence of FimC-FimH, FimD was 
still capable of assembling a small number of 
Jong pili, some of which were markedly longer 
1.5 jm) than those assembled in the presence 
of FimC-FimH (Fg. 1, D and E), The main re- 
action product, however, was a lange umber of 
short pilus fiagments, presumably generated by 
spontaneous FimA polymerization (Fig. 1E). A 
similar distribution of pilus lengths was found 
‘when FimA polymerization was followed in the 
presence of FimD pre-incubated with FimC-FimF, 
FimC-FimG, or FimC-FimHp (fg. $3, B and ©), 
Thus, in the absence of full-length FimH, the 
conversion of FimD into a high-efficiency assem- 
biy catalyst proceeds only slowly, so that sponta- 
neous polymerization of FimA stays dominant. 
Accordingly, E. coli fimiY deletion strains make 
very few and abnormally long pili (18). 

‘The kinetics of FimD activation by FimC- 
FimH followed clear first-order kinetics (Fig. 
1F), demonstrating that the rate-limiting step in 
FimD activation is not the binding of FimC- 
FimH to FimD but rather a unimolecular process 
in the formed temary complex. Presumably, this 
is associated with a conformational change in 
FimD that could be coupled to the insertion of 
the FimH lectin domain into the FimD trans- 
location pore, A conformational transition in 
FimD is indeed observed in vivo upon co- 
cs zcnsin of i with Pan see 
a decreased susceptibility of FimD to 
poesia ay). 

We next pre-incubated FimD with different 
amounts of FimC-FimH before initiation of pilus 
rod assembly by the addition of excess FimC- 
FimA. The activity of FimD reached a maximum 
at a FimC-FimH to FimD ratio of 1:1 and then 
gradually decreased with increasing amounts of 
FimC-FimH (Fig. 1G), Excess FimC-FimH there- 
fore competes with FimC-FimA in Fi 
catalyzed pilus rod assembly, In fact, the 
chaperone -subunit binding site of FimD, FimDy, 
‘has. substantially higher affinity for FimC-FimH 
than for FimC-FimA (20). In accordance with 


tial 
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this, overproduction of FimH in vivo results in 
nearly bald cells without pili (22). 
‘An initial lag phase in FimD-catalyzed pilus 


Fig. 2. Ratetimiting 
step in usher-atalyzed 
pilus rod asembly. (A) 
Kinetics of FimD catalyzed 
FimA polymerization at 
37° and 23°C after FimD 
activation by Fim-FimH 
‘same setup asin Fig. 18). 
(B) Length distribution 
histograms of generated 
pil after ciferent reaction 
times at 23°C. (Q influ: “0 
ence ofthe subunits FimG 
and FimF on the kinetics 
of catalyzed FimA polym- 
erzation at 23°C. Contin- 
uous tines represent the 
Global fit of the experi- 
‘mental data to the as 


> 
° 


[FimC—Fima] (uM) 


Time (min) 


the temperature (Fig. 2A), Electron microscopic 
analysis of generated pili after different reaction 
times revealed thatthe distribution of pilus length 
rod assembly became apparent upon lowering significantly broadened over the course of the 


10 20 30 40 $80 700 10 20 30 40 50 60 
Time (min) 


reaction, suggesting that different FimD mole- 
cules initiated pilus assembly at different times 
ig. 2B), 

‘We hypothesized that the delay in the 
initiation of the assembly reaction was either 
due toa mucleation step similar to the assembly of 
other fibrous strictures or arose from the slow 
{incorporation of the first FimA subunit into the 
growing pilus, which, in the absence of the tip 
fbrillum subunits FimF and FimG, would in- 
volve anonnatura! interaction between FimH and 
Fim (4). We thus tested whether the addition of 
FimC-FimF during the pre-incubation of FimD 
‘with FimC-FimH (ata FimD-FimF-FimnH ratio of 
1-1-1) diminished the lag phase. The lag phase 
wwas indeed significantly reduced, yet still exis- 
tent, and FimC-FimA was depleted about four 
times faster compared with the reaction in which 
FimD was pre-incubated only with FimC-FimH 
(Fig. 2C and fig. SSA). FimC-FimG had a similar 
but less pronounced effect than FimC-FimF (Fig, 
2C and fig. SSA), These results provide strong 
evidence that the lag phase reflects the DSE re- 


Pee 
FexDatt=0 


sembly model proposed 
in Fig. 3A. Schematics on 
the right depict the 
primed FimD molecules 
with the respective tip 
fibrilum subunits before 
ination of pits rod for- 
‘mation. (D) Length ois- 
tribution histograms of 
pili formed at the end of 
‘the reactions in (Q. 


Length of pili (am) 


3. Mechanism of usher-catalyzed pilus rod assembly. 
(A) Model of FimD-catalyzed pilus rod formation after 
completion of the assembly of the tip fibrllum. Catalyzed 
tod formation comprises: (binding of FimC-FimA to FimDy 
with the rate constants ky and ky (steps 1 and 3), (i) DSE 
between FimC-FimA and the last tip fibrllum subunit FimX (X 
stands for H, G, or F) capped by FimC, with the rate constant 
‘kyo, and Gi) DSE between two FimC-FimA complexes, with the 
rate constant ky... Steps 3 and 4 are repeated until the Fim¢- 
FimA pool is depleted. () Ratios between the rate constants of 
catalyzed DSE between FimA and respective subunits and that 
between FimA and FimH. Rate constants obtained from the 
Global fit to experimental data at 23°C are given in (24). (O 
Ratios between the rate constants of spontaneous OSE between 
Fimdy and respective subunits and that between FimAx and 
FimH. Measured rate constants at 37°C are given in (25). 
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action between the first incoming FimC-FimA 
complex and the proximal, chaperone-capped tip 
‘lbrillum subunit. Consequently, the rate-limiting 
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preformed tip fibrillum, and this rate directly 
determines the number of FimD molecules that 
participate in rod formation. This is corroborated 
by Jength distribution analysis of generated pili, 
which revealed that more and shorter pili were 
formed in the presence of FimC-FimF, with a 
narrower distribution of pilus length (Fig. 2D and 
fig. $5, B to E), In fact, previous in vivo studies 
showed that the deletion of the fimF gene, in 
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contrast to the deletion of the fimG gene, sig- 
nificantly reduces the mumber of pili per cell (22) 
Concurrent deletion of both genes further de- 
creases the number of pili per cell, whereas pilus 
length increases (22), Furthermore, the kinetics 
of FimA assembly and the length distribution of 
generated pili were comparable when FimC- 
FFimF was included alone or together with FimC- 
FimG (Fig. 2C and fig. $5, D and E). This result 
{is expected because the proximal end of the tip 
fbrillum is formed by the same subunit in both 
ceases, that is, FimF (compare with Fig. 20). Given 
that all tip fibrillum subunits were present in 
the latter case, our data confirm that the tip 
fibritlum is assembled in the onder FimH-FimG- 
FimF (4, 23), 

On the basis of these results, we propose a 
simple model for usher-catalyzed pilus rod as- 
sembly (Fig. 3A). A global kinetic fit of our 
experimental data to this mode! revealed that the 
binding of the first FimA subunit to FimF pro- 
ceeds about 15-fold faster than the binding to 
Fim (all subunits in complex with the chaper- 
one) (Fig. 3B) (24). With FimG as acceptor sub- 
unit for the first FimA subunit, the reaction was 
only twofold faster than the binding of FimA to 
FimH (Fig. 3B) (24). Remarkably, the rate of 
DSE between two FimC-FimA complexes was 
about five orders of magnitude higher than that 
between FimC-FimA and any of the tip fibril 
um subunits bound to the chaperone (Fig. 3B) 
(24, To test whether the preferred DSE re- 
action between two FimA molecules is medi- 
ated by the catalyst FimD, we determined the 


genesis but also may provide a framework for 
‘a more detailed mechanistic understanding of 
cchaperone/usher-dependent assembly and se- 
cretion of related pili from a wide variety of 
Gram-negative pathogens. 
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rate of spontaneous DSE between different 
acceptor subunits bound to FimC and the donor 
subunit, FimA, (Fig. 3C) (25). FimA, isa self 
complemented FimA variant that is unable to 
self-polymerize but retains the ability to bind to 
another subunit via its amino-terminal donor 
strand (12). Analogous to the catalyzed reac- 
tion, the FimC-FimH complex exhibited the 
lowest DSE rate with FimA, (~100-fold lower 
compared with those of other FimC-subunit 
complexes) (25). However, a clear difference 
to the catalyzed reaction is that the other three 
subunits, each bound to the chaperone, under- 
went DSE with FimA, at similar rates (Fig. 
30) (25). Thus, the high DSE rate between two 
FimC-FimA complexes is the direct conse- 
quence of FimD catalysis. The catalytic power 
of the usher, therefore, does not primarily lien 
accelerating the incorporation of the first FimA 
subunit into the preformed tip fibrillum, which 
occurs only once in the entire assembly process, 
bbut rather in the following polymerization 1e- 
action during which hundreds to thousands of 
FimA molecules are assembied. 

‘Adhesive pili have gained increasing inter- 
est in recent years as attractive, hitherto unex- 
ploited targets for the development of nove! 
antimicrobial drugs (26). Our in vitro reconsti- 
tuted assembly system may not only serve as a 
toot for the identification of compounds that 
specifically block individual steps in pilus bio- 
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Structural Basis of Toll-Like Receptor 3 
Signaling with Double-Stranded RNA 


Lin Liu,” Istvan Botos,” Yan Wang,” Joshua N. Leonard,? Joseph Shiloach,? 


David M. Segal,? David R. Davies™ 


Toll-ike receptor 3 (TLR3) recognizes double-stranded RNA (4sRNA), a molecular signature of most 
viruses, and triggers inflammatory responses that prevent viral spread. TLR3 ectodomains (ECDs) 
dimerize on oligonucleotides of at least 40 to 50 base pairs in length, the minimal length 


required for signal transduction. To establish the molecular basis for ligand binding and sign 


wwe determined the crystal structure of a complex between two mouse TLR3-ECDs and dsRNA at 
3.4 angstrom resolution. Each TLR3-ECD binds dsRNA at two sites located at opposite ends of the 
TLR3 horseshoe, and an intermolecular contact between the two TLR3-ECD C-terminal domains 
coordinates and stabilizes the dimer. This juxtaposition could mediate downstream signaling by 
dimerizing the cytoplasmic Toll interleukin-1 receptor (TIR) domains. The overall shape of the 
TUR3-ECD does not change upon binding to dsRNA. 


he Toll-like receptor (TLR) family com- 

Prises 10 to 12 type I integral membrane 

receptor paralogs that recognize pathogen 
associated molecular signatures and initiate in- 
flammatory responses (J-3). TLR3 ectodomain 
(ECD) binds double-stranded RNA (dsRNA) (4), 
4 Viral replication intermediate, and recruits the 
adaptor protein TRIF to its cytoplasmic Toll 
intericukin-1 receptor (TTR) domain, thereby in 
tinting a signaling cascade that results in the 


secretion of type I interferons and other inflam- 
matory cytokines (5). Although the role of TLR3 
{n controlling infections is not fully understood, it 
is clear that TLR3 nonredundantly contributes to 
the prevention of herpes simplex encephalitis in 
children (6), The structure of human (h) TLR3. 
BCD has been determined by two laboratories 
(7, 8) and consists of a solenoid with 23 leucine- 
rich repeats bent into a horseshoe shape, capped 
at each end by specialized structures known as 
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leucine-rich repeat N-terminal (LRR-NT) and 
(Ctenninal (LRR-CT) domains, TLR3-ECD binds 
dsRNA only at acidic pH (pH 6.5 and below) 
(9, 10), reflecting its endosomal! location in most 
cell types (11). Although TLR3-ECD is mono- 
‘eric in solution, it binds as dimers to dsRNA 
and requires a dsRNA length of at least 40 to 50 
‘base pairs (bp) to bind a single dimer and induce 
signaling (J0). However, the molecular basis for 
dimerization and signaling remains unknown, 
‘We have therefore isolated and crystallized a 
complex containing two mouse (m) TLR3-ECD 
‘molecules bound to a 46-bp dsRNA. 

We first determined the monomeric ligand- 
free (apo)-mTLR3-ECD structure by molecu- 
Jar replacement with the KTLR3-ECD structure 
(able SI), mILR3-ECD has 78% sequence 
identity with NTLR3-ECD (fig. SI), and, as ex 
pected, the structures of the two ECDs are also 
‘highly homologous. mTLR3-ECD superimposes. 
‘with hTLR3-ECD witha root mean square devia- 
tion of 1.36 A (for 659 Ca atoms, pdb code 2A0Z) 
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ig. 1. dsRNA-TLRS signaling complex. Mouse 
TLR3 ectodomains (green and cyan) form a dimer 
fon the dsRNA (blue and red). The N glycans are 
shown (light green and light blue) (A) The N- and 
terminal binding sites. (B) Illustration of how 
‘the two C-terminal domains are brought together 
in the complex. Figures generated with PyMol 
(Delano Scientific, San Carlos, CA). 


and 0.93 A (for 613 Ca atoms, pub code 1ZIW) 
(Sig. S2). As in KTLR3-ECD, a horseshoe shaped 
solenoid is formed by 23 LRRs, with N-terminal 
‘and C-terminal capping motifs. A large, parallel B 
sheet defines the concave surface, and two inser- 
tons in RRs 12 and 20 protrude from the convex 
surface. Similar to KTLR3-ECD, the mTLR3- 
ECD molecule has a giycan-fiee surface. Both 
‘molecules contain 15 predicted N-linked giycosy!- 
ton sites, but two of these are in different posi- 
‘ons in the mouse and human proteins (fg. S1). 
Eleven glycan moieties are visible in the mTLR3- 
ECD electron density maps. 

We next solved the structure of the TLR3 
‘signaling complex, consisting of two mTLR3- 
‘ECD moiccules bound to one 46-bp dsRNA oligo- 
nucieotide (Fig. 1) by using the apo-mTLR3-ECD 
structure for molecular replacement. This structure 
identifies muitipte intermolecular contacts that sta- 
‘biliz the complex. The dsRNA interacts with both 
‘an N terminal and a C-terminal site on the giycan- 
free surface of each mTLR3-ECD, which are on 
‘opposite sides of the dsRNA (Fig. 1A), with the 
(C termini in contact (Fig. 1B) and the N tennini 
‘outstretched at opposing ends of the linear dsRNA. 
molecule. The length of the complex is 141 A. 
‘The overall structure of mTLR3-ECD does not 
change upon binding to dsRNA, supporting a 
receptor dimerization brings the two cytoplasmic 
TTIR domains into contact, thus triggering a down- 
stream signaling cascade. The dsRNA in the com- 
plex retains a typical A-DNA-like structure, in 
‘which the ribose-phasphate backbone and the 
position of the grooves are the major detemninants 
‘of binding. The mTLR3-ECD interacts with the 
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ssugar-phosphate backbones, but not with individ- 
‘ual bases, This explains why TLRS lacks specific- 
ty for any particular nucleotide sequence (4, 10), 

The first dsRNA-TLR3 interaction site is lo- 
cated close to the C tenninus, on LRRIO to 
LRR2I (table S2 and Fig. 2A). In the complex, 
these binding sites from two mTLR3-ECD mano. 
mers fice each other across the dsRNA. Residues 
‘Within contact distance of the RNA include Asn", 
Asn”, His”, Asn, and Arg“, which are all 
wellconserved in vertebrates (Bg. $3). Muta- 
tional analysis previously showed that His™°Glu_ 
and Aso"Ala were inactive and failed to bind 
dsRNA, whereas Asn*7Ala and Ang“‘Ala re- 
tained activity, indicating that these later residues 
are not essential for binding (12). 

The second dsRNA:TLR3 interaction site is 
located on the N terminal end (LRR-NT to LRR3) 
of the giycan-free surface and is formed by 
residues His”, His®, Arg“, Phe, Ser, His'*, 
and Giu° (table S2 and Fig. 2C). A notable 
feature ofthis tei the presence of three con- 
served residues: His”, His”, and His'® (fig. $3), 
Which are located in LRR-NT, LRRI, and LRR3, 
respectively. These residues appear to interact with 
consecutive phosphate groups on one dsRNA 
chain. In addition, less well-conserved residues 
Arg®, Phe®, Ser*, and Giu' also interact with 
the ligand (table $2 and Fig. 2A), To test the 
functional importance of the three His residues, 
‘We mutated them to Ala or Glu and examined the 
ability of the mutant proteins to activate NF-xB. 
As seen in Fig. 2B, His”Ala and HisAla are 
inactive, indicating that these residues are essen- 
tial for dsRNA binding, In contrast, His'*Ala, 
lke His*Ala (12), retains activity, but mutation 


q 


Fig. 2. The dsRNA binding sites of TLR3. (A) Residues involved in the interaction on the C-terminal 
site. (B) Illustrates the NF-xB activity of human TLR3 mutants stimulated with pl:pC. (C) Residues 
involved in binding at the N-terminal site. Each interaction involves two strands of the RNA. The 
‘dsRNA molecule may undergo a screw rotation of #1 bp in the crystal. 
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to glutamate results in loss of function. These 
findings imply that His* and His”? are not 
essential for ligand binding, but due to their 
proximity to the negatively charged phosphate 
soups in the dsRNA, mutation to a negatively 
charged glutamate disrupts ligand binding by 
electrostatic repulsion. Because the imidazole 
groups of His” and His® are required for TLR3 
function, itis likely that the protonation of these 
residues at mildly acidic pH provides essential 
positive charges for ligand binding and accounts 
for the pH dependence of dsRNA binding to 
‘TLRS (9, 10). The N-terminal dsRNA binding 
site is in the vicinity of a positively charged 
surface patch that was previously suggested as a 
potential dsRNA binding site (8). However, the 
residues from that surface patch are located on 
the convex face of the N terminus and do not 
come into direct contact with the dsRNA. 

In the mTLR3-dsRNA 2:1 complex, the two 
LRR-CT domains are brought into proximity, 
forming a series of protein-protein interactions 
(table 83 and Fig, 3), Because these are the only 
interactions between the two mTLR3-ECDs, 
they must be responsible for coordinating the 
dimer on the dsRNA, thus facilitating the dimer- 
ization of the cytoplasmic TIR domains as sug- 
gested by Fig. 4. The distance between the 
centers of the LRR-CT domains is 26 A. No 
other interactions exist to cause the two ECDs to 
dimerize on the dsRNA, and it will be interesting 
to leam whether similar interactions occur be- 
tween LRR-CT domains in other TLRs. This 
‘protein-protein interaction also explains why 
‘TLR3-ECD was previously observed to bind to 
dsRNA with a high degree of cooperativity (/0); 
although both the protein-protein interaction and 


3. Closeup of the C-terminal domain inter- 
acting residues. Some of these residues (678 to 
4681) are located on a conserved loop observed in 
other TLR structures. 


wwwsciencemag.org SCIENCE VOL 320 


the binding of one TLR3-ECD to dsRNA are 
relatively weak, the dimeric complex i stabilized 


residues on the glycan-ffee surface of mTLR3- 
ECD, the N-giycosy! moiety of Asn", which is 
located on the concave surface of mILR3-ECD 
at LRRIS, extends toward the dsRNA and directly 
‘contacts it This contact may be more extensive in 
‘vivo, because mammalian giyean is typically larger 
than the insect glycan observed in our protein 
‘expression system. Although the Asn giycosyi- 
ation site is well conserved (fig. $3), mutational 
analysis indicates that deletion of this glycan does 
not completely abrogate activity (12, 13) 

(Our results aiso help to explain some obser- 
‘vations from a previous study by Takada et al 
(U4) in which single LRRs were sequentially 
deleted from hTLR3. Deletion of most LRRs 
located between the two dsRNA binding sites 
resulted in loss of function, which might be ex- 
pected because such deletions would perturb the 
‘elative position of the two dsRNA binding sites 
‘on each TLR3-ECD. However, deletion LRRs 
4, LI, and 17 did not abolish TLR3 fimction. The 
retention of function in these mutants may indi- 
cate that the TLR3 solenoid possesses sufficient 
flexibility such that it may compensate for the 
deletion and allow proper binding. 

‘The dsRNA:TLRS signaling complex fea- 
tures both similarities and differences with the 
structure of a complex containing TLRI and 
‘TLR2 ECDs bridged by the ligand Pam;CSK, 
(U5). Two lipid chains of the ligand bind to a 
pocket in TLR2, and the third chain binds 10 a 
‘channe! located in approximately the same region 
‘on TLRI. In both complexes, the ligand bridges 
‘two TLR molecules by the sume glycan-ffee 
surface, resulting in the formation of a dimer in 
‘which the two TLR-ECDs are related by an ap- 


ee. 
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Fig. 4. Model of the full-length dsRNATLR3 sig- 
nating complex. The proximity ofthe two C termini 
permits association of the transmembrane helices 
_and the dimerization of the cytoplasmic TR domains. 
‘The TIR domains were from the 
structure of the TLR1O TR domains (pdb code 2167). 
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proximate two-fold symmetry axis. TLR3 binds 
its ligand exclusively by surface contacts (mainly 
hydrogen bonding and electrostatic interactions), 
and although about the same surfice area is 
buried in the TLRI-TLR2 interaction as in the 
‘TLR3 dimer, the intermolecular interactions i 
volved differ substantially (able S4), The protein- 
protein interactions occur only at the LRR-CT in 
the TLR3:dsRNA complex, whereas the exten- 
sive interactions between TLRI and TLR2 occur 
near the binding pockets, In the dsRNA:TLR3- 
BCD complex the two C-terminal residues are 
~25 A apart, whereas in the TLRI-TLR2 com- 
plex they are 42 A apart. In the later case, how- 
ever, the native LRR-CT domains were replaced 
with a hagfish VLR LRR-CT. In both these com- 
plexes the glycan-fee surfaces are brought 1o- 
gether by interaction with the ligands. For some 
TLRs, at least, a patiem may be emerging in 
‘which pathogen associated ligands bind to TLRs 
by different mechanisms, but in each case, bind- 
ing bridges two TLRs on the same giyean-free 
surface and forms dimers with similar overall 
architecture. 
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Divergence of Quaternary Structures 
Among Bacterial Flagellar Filaments 


Vitold E. Galkin,? Xiong Yu,” Jakub Bielnicki,* John Heuser,? Cheryl P. Ewing,” 
Patricia Guerry,? Edward H. Egelman™* 


It has been widely assumed that the atomic structure of the flagellar filament from Salmonella 
typhimurium serves as a model for all bacterial flagellar filaments given the sequence conservation 
in the coiled-coil regions responsible for polymerization. On the basis of electron microscopic 
images, we show that the flagellar filaments from Campylobacter jejuni have seven protofilaments 
rather than the 11 in S. typhimurium. The vertebrate Toll-like receptor 5 (TLRS) recognizes a region 
of bacterial flagellin that is involved in subunit-subunit assembly in Salmonella and many other 
pathogenic bacteria, and this short region has diverged in Campylobacter and related bacteria, 
such as Helicobacter pylori, which are not recognized by TLRS. The driving force in the change of 
quaternary structure between Salmonella and Campylobacter may have been the evasion of TLRS. 


roteins with almost-unrecognizable sequence 
similarity can share highly conserved struc- 
tures, suggesting that sequences can diverge 


related organism Helicobacter pylori. Flagellins 
from the epsilon Proteobacteria also are unique 
in that they fail to activate vertebrate Toll-like 


‘more rapidly than structures over the course of 
evolution (/, 2). Quatemary structure, on the other 
hand, may be much more sensitive than tertiary 
structure to small changes in sequence, and this 
sensitivity may provide a mechanism for lage 
evolutionary divergence with only small changes 
in sequence. Butrelatively few examples exist for 
dramatic changes in quatemary structure (3, 4). 
‘The bacterial flagellar flament has been a mode! 
system for understanding protein self-assembly, 
protein secretion, motility, and immunogenicity 
(5) The bacterial fagellar filament genes are highly 
conserved over large evolutionary distances, lea 
{ng to the reasonable assumption that the atomic 
structure of the Salmonella flagellar lament (6) 
{s a model for all homologous bacterial flagellar 
filaments (7), In fac, the assumption that a bac- 
terium will have 11 protoflaments as in Salmonella 
has been taken as axiomatic (8). We have used 
electron microscopy (EM) to examine the flage!- 
Jar filaments from Campylobacter jejuni, and we 
show that these contain only seven protofilaments. 

. jejuni is one of the major causes of bac- 
terial diathea woridwide. The organism, which 
is a member of the epsilon division of the Pro- 
teobactera, is characterized by a rapid, darting 
‘motility mediated by polar flagella. The filament 
is composed of a minor flagellin, FlaB, and a 
major flagellin, Fla. However, fill-length fla- 
‘ments can be formed when only FlaA is pre- 
sent, and these have nearly normal motility 
().. jejuni Lagelins, lke those of other polar 
flagellates, are glycosylated, but, unlike other 
polar flagellates, glycosylation is required for 
filament formation in Campylobacter and the 


receptor $ (TLRS). In addition to mediating 
‘motility, which is essential for intestinal coloni- 
zation, Campylobacter flagella, in the absence 
of type 3 secretion systems, also function to 
secrete nonflagellar proteins that modulate viru- 
Jence, and the giycans on flagellin mediate auto- 
agglutination and microcolony formation (10), 
‘The wild-type flagellar filaments from Cam- 
_pplobacter exist under normal conditions in dif 
‘ferent supercoiled states (Fig. 1A), consistent with 
the classical model of polymorphic switching 
between two discrete states of the component 
protofilaments(1/, 12). The two states are termed 
R (for right-handed) and L (for left-handed) on 
the basis of the twist of the filament when all 
protofilaments are in one state. In Salmonella the 
structural parameters have been measured to very 
high precision, and the supercoiling arises from 
the fact that the R state of the protofilament is 
“1.6% shorter than the L state (13). This non- 
equivalence ofall protofilaments breaks the strict 
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Fig. 1. Negatively stained and cryo-EMs of Campylobacter flagellar filaments. Negatively stained 
wild-type filaments (A) are curly, whereas the GSOBA mutant filaments (B) are rather straight. 
Nevertheless, some filaments can be seen [(8) arrows] that appear to be supercoiled. (C) A cryo-EM, 
image of the G508A mutant shows long straight filaments. An averaged cryo-EM image of the 
filaments (D) was generated from 10,557 overlapping segments (each 200 pixels long, 2.4 A per 
pixel) by using the IHRSR filrecon procedure. An averaged power spectrum (E), generated from 
116,904 negatively stained segments each 460 A long, shows two layer lines (marked with arrows). 
The higher layer line is at ~1/(26 A), whereas the lower one is at ~1/(50 A). A third layer line is so 
close to the equator that it cannot be resolved with segments of this length. 
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helical symmetry of the flagellin subunits and 
leads toa curvature of the filament that generates 
thrust when the flagellar filament isrotated by the 
flagellar motor. The curvature of these flagellar 
filaments, as well as the heterogeneity of the 
protoflaments within them, make these wild-type 
‘laments poor candidates for image analysis. The 
‘most detailed picture of the Salmonella flagellar 
filament (6) has come from the Ala*®—Val® 
(A449V) mutation (14, 15) in the coiled-coil 
domain D1 (fig. S1) that locks the protofilaments 
{nto the R state, forming straight filaments that 
cannot generate thrust. The corresponding muta: 
tion was constructed in the lad gene of C. jeri 
strain 81-176 and inserted into a chromosomal 
location in aflagellin-deletion background (16, 17) 
‘This mutation (AS31 V) does not eliminate motil- 
ity as judged by swarming assays on agar plates, 
and electron micrographs of these filaments show 
that they are not straight and have similar super- 
coiling as wild-type filaments. This observation 
suggests that details of the packing of flagellin 
subunits must differ between Salmonella and 
Campylobacter 

We found that the Giy** —+ Ala®* (GS08A) 
‘mutation in Campylobacter, comesponding (Fg. 
SI) to the G426A. mutation in domain D1 that 
locks Salmonella flagellar filaments into the L 
state (14), produces largely straight filaments 
(Fig. 1, B and C) as judged by EM. Bacteria with 
the GS08A mutation display no motility in 
solution by lightmicroscopic observation but 
do display partial motility in swarming assays 
using agar plates. The partial motility is not 
explained by revertans, because sequencing of 


Fig. 2. Quick-freezeldeep etch EMs of 
‘the Campylobacter G508A flagellar 
filaments. (A and ©) Filaments can 
be seen that contain protoilaments 
with a left-handed coil under normal 
buffer conditions. An averaged power 
spectrum (B) generated from 48 non- 
overlapping segments (each 1024 
pixels long, with a sampling of 5.4 A 
per pixel) shows a one-sided layer 
line at ~1/(50 A) that arises from a 
left-handed three-start helix. A two- 
dimensional average (D) was made 
from 3806 overlapping segments 
{each 100 pixels long) that shows the 
long-pitch left-handed protofilaments. 
Although the metal shadowed images 
do not correspond to projections of a 
hretical structure, the IHRSR technique 
(21) can be used to generate helical 
reconstructions from such images (4, 27), 
and a cross section from a reconstruc- 
tion is shown (E). When these filaments 
are extensively washed with pure water 
after adsorption to the mica, structural 
heterogeneity can be seen (F to H). 


For all images, right-handed RecA-DNA filaments [labeled in (F] were added 
as a control forthe helical hand. In (P), the arrow indicates a transition from 
nearly vertical protofilaments (top of filament) to protofilaments with a left- 
handed coil (middle of filament). In (), the arrow indicates a transition from 
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the flagellin gene from these apparently motile 
bacteria shows that the GSO8A mutation still 
exists and no other mutations (second site re- 
‘vertants) are present in the flagellin gene. Given 
the greater molecular weight of Campylobacter 
flagellin (595 KD and ~65 KD with glyco 
sylation) compared with Salmonella fageliin 
(622 KD) and the fact that the sequence in- 
sertions in Campylobacter are in the D3 domain 
that is on the outside of the filament, it is sur- 
prising that the Campylobacter flaments are only 
~180 A in diameter (Fig. 1D), in contrast to the 
~220 A diameter of the Salmonella filaments. 
This is explained, as we show, by the different 
symmetry of these two filaments. 

‘The straight filaments of Salmonella have 
a nearly crystalline order, which has allowed 
for structure determination by EM at near- 
atomic resolution (6). In contrast, images of 
the Campylobacter GSO8A filaments display 
Limited diffraction in either negative stain or by 
‘cryo-EM, and we can show that this results in 
part from structural variability (movie SI). An 
averaged power spectrum (Fig 1E) computed 
from these filaments shows only three layer 
Hines. 

We used quick freeze and deep etch (18) 
EM to visualize the surface features of the 
Campylobacter flagellar filaments (Fig. 2, A 
and ©), Under the conditions used, all flaments 
examined had left-handed long-pitch helical 
stripes (Fig. 2D). However, the pitch of the 
Jong-handed stripes was variable. In contrast to 
the left-handed protofilaments in the quick 
freeze-deep etch images, eryo-EM images were 


500 A. 
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sorted into segments having either left-handed 
or righthanded protofilaments, and different 
twist states of either hand could be found 
(movie $1). Because the cryo-EM samples were 
prepared under different conditions (diluted in a 
low-salt buffer, we speculated that the low 
fonic strength and low salt used for cryo-EM 
‘imaging might introduce structural heterogeneity 
because changes in salt, pH, and ionic strength 
can change the polymorphic state of flagellar 
‘laments (8, 19, 26). Under low ionic strength 
and low salt conditions, protofilaments could be 
seen by quick freeze~<deep etch EM in a number 
of different states (Fig. 2, F to H), from L to 
nearly vertical to R. Interestingly, the transitions 
between these states appeared to be discrete and 
associated with “kinks” or bends (Fig, 2, F to H, 
arrows), which is probably similar to the highly 
cooperative transitions that have been observed 
in flagellar filaments at a macroscopic scale (2/). 
Furthermore, many of the filaments were frag 
‘mented into short lengths because of the large 
forces that would result from a change in twist of 
a long filament adsorbed to the mica. For ex- 
ample, one end of a 1-um-long segment would 
need to rotate by one or two full tums in the 
transition from the L state to the vertical state or 
the R state, respectively. 

We have used the iterative helical real space 
reconstruction (IHRSR) method (22) to generate 
reconstructions from the different twist states 
of the Campylobacter filaments imaged by 
cxyo-EM. Resolution is limited by the heteroge- 
neity of structural states, and we have not been 
able to do better than ~15 A resolution. For com- 


nearly vertical protofilaments (left portion of filament) toa right-handed coil 
In (H), the arrow indicates a transition from left-handed coiling (left portion 
of filament) to nearly vertical protofilaments. The scale bar 


© indicates 
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parison with the atomic mode! of Salmonella 
derived fiom righthanded filaments (Fig. 3, A 
and D), we show the R state of Campylobacter 
flagellar filaments (Fig, 3, B and E). 

Despite the large difference in syinmetry 
between Salmonella (~5.5 subunits per 26 A 
Pitch helical tum) and Camprlobacter (35 
subunits per 26 A pitch helical tum) flagellar 
filaments, there are some conserved parameters. 
{In Salmonella the axial rise per subunit (13) 
within each of the 11 protofilaments is 52.7 A in 
the L state and $1.9 A in the R state, whereas in 
Campylobacter the axial rise per subunit wit 
each of the seven protofilaments is ~$5.5 A 
the L state and ~52.5 A in the R state. It should 
bbe noted that these values in Salmonella were de- 
termined to very high precision by using x-ray 
difiimetion (13), whereas there is much greater 
error in our values using EM. In Campylobacter 
there isa ring of density surrounding the central 
umen that contains seven rodiike features, in 
contrast to the 11 rodlike densities in Salmonella. 


‘The length of these rodlike densities is very 
similar to the length of the coiled-coil DO do- 
main in Salmonella (Fig. 3C). The packing of 
these coiled-coils is looser in Campylobacter 
than in Salmonelfa, which is consistent with the 
neatly crystalline onder in Saémonella and the 
structural heterogeneity in Campylobacter. De- 
spite the fact that there are only seven coiled- 
coils surrounding the lumen in Campylobacter 
and 11 in Salmonella, the sizes of the lumens 
are comparable. 

The resolution of our reconstruction is not 
sufficient to suggest where DI is located. Res- 
‘dues 89 to 96 in Salmonella are located in D1, 
sand these residues are recognized by TLRS (23), 
Because mutation of these residues in Salmo- 
nella leads to a loss of bacterial motility (24, 
presumably by cither interfering with flagellar 
assembly or preventing polymorphic switching, 
and these residues are not conserved in the 
comparison with Campylobacter (a bacterium 
that does not activate TLRS), it has been 


3. Three-dimensional reconstructions of flagellar filaments. In (A and D) the atomic model of 


the Salmonetia flagellar filament (6) has been filtered to 15 A resolution for comparison with the 
cryo-EM reconstruction of the Campylobacter flagellar filament (B to E). The reconstruction has 
been generated from 10,557 overlapping segments (each 200 pixels long, 2.4 A per pixeD. (Q The 
core of the reconstruction (reconstruction truncated at a radius of 33 A) shows vertical rods of 
density that are consistent with coiled-coils. The atomic model of the Salmonella DO coiled-coil (red 
ribbons) has been fit to the Campylobacter reconstruction. Cross sections of the model (0) and the 
Campylobacter reconstruction (E) show the similar central lumen, surrounded by 11 protofilaments 
in Salmonelta (0) and seven protofilaments in Campylobacter (E). The region surrounding the 
lumen, arising from DO in Salmonella, has been colored red in (D) and (E). The scale bar for (0) 


and (E) indicates 50 A. 


suggested that the evolution of a flagellin that 
{is both functional and evades TLRS would 
require a complex sequence of mutations (23). 
Our results suggest that a substantially different 
packing of DI domains between Salmonella and 
Campylobacter may have served this purpose 


than 11 protofilaments? Previous observations in 
the literature may be explained by flament sym- 
rmetries other than that found in Salmonella, It 
‘was shown (8) thatthe flagellar filaments of both 
Idicmarina loikienss and Pseudomonas aereginosa 
have different macroscopic forms than that found 
in Salmonella. In addition, fewer polymorphic 
states were observed for these filaments com- 
pared with those of Salmonella, Itwas shown by 
‘mode! building that a change of twist and cur 
‘ature of the component protofilaments from the 
parameters found for Salmonella was needed to 
fit the observed macroscopic states of Lloihiensis, 
butthe existence of 11 protafilaments in Idiomarina 
was taken as an axiom. An obvious prediction of 
the modeis for polymorphic switching (11, 12) is 
that the mumber of possible states is related to the 
rmumber of protofilaments. With fewer protofl- 
aments, we expect that Campylobacter would 
also have fewer polymorphic states than found in 
Salmonella 

One of the main mechanisms in evolutionary 
divergence is the accumulation of point rmuta- 
‘ions. Sequence divergence in proteins does not 
always map into corresponding structural diver- 
gence of these proteins because some protein 
folds have remained largely invariant while their 
sequences have diverged so greatly as to have no 
recognizable homology. For example, the core of 
the bacterial RecA recombination protein (25) can 
be superimposed quite well on the core of the 
‘mammalian Fl adenosine triphosphatase (ATPase) 
(26), However, Rec polymerizes to forma helical 
polymer, whereas this core is part of a hexameric 
fing in the F1 ATPase. We do not know at what 
point in the divergence of these two proteins that 
the change in quatemary structure took place, The 
results presented here show that, within a fimily of 
highly conserved proteins (fageliin), a different 
quatemary structure can be adopted with only 
limited sequence divergence of the DI domain 
largely responsible for the helical symmetry. This 
may emerge as an important mechanism in the 
divergence of entire organisms. 
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The Antidepressant 


Fluoxetine 


Restores Plasticity in the 


Adult Visual Cortex 


José Fernando Maya Vetencourt,** Alessandro Sale,* Alessandro Viegi, 


Laura Baroncel 


Roberto De Pasquale,’ Olivia F. O'Leary,’ Eero Castrén,’ Lamberto Maffei** 


We investigated whether fluoxetine, a widely prescribed medication for treatment of depression, 
restores neuronal plasticity in the adult visual system of the rat. We found that chronic 
administration of fluoxetine reinstates ocular dominance plasticity in adulthood and promotes the 


recovery of visual functions in adult amblyopic ai 


imals, as tested electrophysiologically and 


behaviorally. These effects were accompanied by reduced intracortical inhibition and increased 


expression of brain-derived neurotrophic factor in 


the visual cortex. Cortical administration of 


diazepam prevented the effects induced by fluoxetine, indicating that the reduction of intracortical 
inhibition promotes visual cortical plasticity in the adult. Our results suggest a potential clinical 


application for fluoxetine in amblyopia as well as 


‘new mechanisms for the therapeutic effects of 


antidepressants and for the pathophysiology of mood disorders. 


inically used antidepressant drugs (ADs) 

increase extracellular serotonin and/or nor- 

‘epinephrine levels, but the relationship 
‘between acute increases in these neurotransmit- 
ters and the clinical antidepressant effect, which 
develops with a time delay of several weeks, has 
remained unclear (J, 2), Chronic antidepressant 
administration promotes neurogenesis and syn 
aptogenesis in the adult hippocampus (3, 4) as 
well as increased expression of the neurotrophin 
brain-derived neurotrophic factor (BDNF) and its 
primary receptor, T:kB (5, 6). These cellular and 
‘molecular events seem to be necessary to mediate 
the therapeutic effects of ADs. The behavioral 
response to ADs is blocked if the induced neuro- 
genesis is disrupted (7), whereas direct inftsion 
of BDNF into the hippocampus or the over- 
expression of its receptor in transgenic mice is 
duces an antidepressant effect (8, 9). Although 
neurogenesis, synaptogenesis, and BDNF sig- 
naling are events that comelate with neuronal 
plasticity, it remains to be demonstrated whether 
ADs induce functional modifications of neuronal 
circuitries in the brain. 
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We investigated whether chronic treatment 
with fluoxetine, a selective serotonin reuptake 
inhibitor (SSRD, restores plasticity in the adult 
‘visual system of the rat. We used two classical 
modeis of plasticity: @ the ocular dominance 
(OD) shift of visual cortical neurons after mo- 
nocular deprivation (MD) and (2) the recovery 
of visual functions in the adult after long-term 
MD (amblyopia). These two plastic phenome 
na in the rat are restricted to a critical period 
during postnatal development and are absent in 
the adult because of a decline of plasticity that 
has been largely attributed to the maturation of 
intracortical inhibition (20, 1). 

‘We initially examined the effects of 1 week of 
‘MD on the OD plasticity of adult animals chron- 
ically treated with fluoxetine by reconding visual 
evoked potentials (VEPs) in the binocular region 
of the primary visual cortex contralateral to the 
deprived eye. VEPs represent the integrated re- 
sponse of a population of neurons to pattemed 
‘visual stimuli and are routinely used to evaluate 
‘visual acuity (VA) and binocularity alterations 
(ZO, 12, 13). OD plasticity assessed by VEPs in 
the rat follows a critical period, which ends by 
Postnatal day 55 (PSS) (14), We assessed OD 
(binocularity) calculating the contralateral-to- 
ipsilateral (CD) VEP ratio; that is, the ratio of 
‘VEP amplitudes recorded by stimulating the eye 
‘contralateral and ipsilateral, respectively, to the 


visual cortex where recording is performed. The 
C/I VEP ratio is around 2.5 in adult animals, 
reflecting the predominance of crossed fibers in 
rat retinal projections. MD in control adult 
animals (P100) did not change binocularity in 
the visual cortex contralateral to the deprived eye 
(CII VEP ratio 273 + 0.2, n= 5 animals) (Fig. 
1A). In contrast, fluoxetine-treated adult. rats 
showed a marked OD shift in favor of the 
nondeprived eye after MD (Cl VEP ratio 1.0 
0.08, ¢ test P< 0.001, n= 5), thus displaying a 
plastic modification nommally restricted to the 
carly stages of brain development. 

‘Changes of binocularity after MD may be due 
to an initial depression of the response to 
stimulation of the deprived eye, followed by an 
increased open-eye response (15), or only to an 
{increase in the open eye's strength (16). To ana- 
lyze which of these two components contributes 
to the reinstatement of OD plasticity induced by 
chronic antidepressant treatment in the adult rat, 
‘we compared VEP amplitudes in response to stim- 
ulation of either eye, respectively, in fluoxetine- 
treated and contro! animals. A reduction of the 
response to stimulation of the deprived eye after 
I week of MD (test P< 0.05, n= 7) (fig. SI) 
was evident in fuoxetine-treated rats. No dif- 
ference in the open eye’s strength was observed 
after antidepressant treatment. 

To exclude the possibility that pharmaco 
logical treatment per se affects binocularity in 
normal (not deprived) adult animals, we next 
assessed OD in rats with binocular vision after 
chronic treatment with fluoxetine. The C/I VEP 
ratio in adult animals after chronic antidepressant 
treatment did not differ from that observed in 
non-<rug-treated rats (ttest P= 0.703, n= 4) (Hg, 
'S2). To ensure that basic response properties of 
visual cortical neurons were not altered after 
chronic administration of fluoxetine, we analyzed 
orientation selectivity and cell responsiveness by 
recording single units in a subset (n = 2) of the 
same animals (n = 39 cells for fuoxetine; n~ 5S 
cells for controls). Orientation selectivity of cor- 
tical neurons (the percentage of orientation- 
biased cells: 36%) was in the range of nomal 
adult rats, No difference in cell responsiveness 
(test P = 0.677) (fig. $3) was found between 
fluoxetine treated and control animals. 

We next evaluated the recovery of visual 
functions in adult amblyopic animals. Rats that 
‘were rendered amblyopic by long-term MD were 
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chronically treated with fluoxetine, and the pre- 
viously closed eye was opened while the open 
eye was closed (by reverse sunure) during the last 
2 weeks of antidepressant treatment (17). We 
‘measured VA by recording VEPs from the visual 
cortex contralateral to the long-term-deprived eye. 
{In control animals, VA of the formeriy deprived 
eye did not show any sign of recovery (0,62 + 
(0.06 cycle/deg) as compared with the fellow eye 
(1.06 + 0.01 eycie/deg) (Fig. 1B). In contrast, 
fuoxetine treated adult rats showed a complete 
rescue of VA (0.97 + 0.04 cycie/deg). A 
behavioral measure of VA. (27), performed in 
the same animals before VEP recondings, con- 
firmed the electrophysiological data: Complete 
recovery of VA (0.88 + 0.02 cycleldeg) was 
evident in fluoxetine-treated long-term-deprived 
rats but not in controls (Fig. 1C). In the same 
animals in which VA was assessed, we also 
evaluated OD. In contro! animals, there was no 
rescue of binocularity in the visual cortex con- 
tralateral to the formerly deprived eye (Cl VEP 
ratio 1.11 + 0.20, n = 5) (Fig. 1D), whereas 
fluoxetine treated adult rats showed a full re 
covery of binocularty with a CIT ratio of 225 + 
07. 

‘Because there is evidence that the maturation 
of intracortical inhibitory circuitries causes the 
end of plasticity in the visual system (18), we 
used in vivo brain microdialysis to investigate 


‘whether the visual cortical plasticity induced by 
fluoxetine was accompanied by decreased 7- 
aminobutyric acid-mediated (GABAergic) trans- 
mission. Extracellular basal levels of GABA 
‘were substantially reduced in the visual cortex of 
fluoxetine-treated adult rats (Fig. 2A) as com- 
pared with controls {two-way analysis of ‘vari- 
ance (ANOVA) repeated measures P~ 0.02, post 
hoc HolmSidak test P < 002, n = S]. No 


difference in extracellular glutamate levels was 
detected between fuoxetine-treated and contro! 
animals (two-way ANOVA repeated measures 


affect spontaneous activity (¢ test P= 1.0) (fig. 
'S5), which was assessed in the same animals in 
which basic response properties of cortical 
neurons were examined. 

To assess the reduction of intracortical in- 
hibition atthe fictional level, we next examined 
Jong-tem potentiation (LTP) of layer U-lIl field 
potentials induced by 6-burst stimulation (TBS) 
of the white matter (WM-LTP) in the visual 
cortex, a form of synaptic plasticity that is absent 
fn the adult because of the maturation of in- 
‘uacortical inhibitory circuitries (29). WM-LTP 
‘was filly restored in fuoxetine-treated adult rats 
(ig. 28). No WM-LTP was present in contro! 
animals. We next investigated long-term depres- 
sion (LTD) of layer I-III field potentials after 
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Fig. 2. Reactivation of visual cortical plasticity in adulthood after chronic treatment with fluoxetine. (A) 
MD jn fluoxetine-treated adult rats induced an OD shift of visual cortical neurons in favor of the 
‘nondeprived eye (C/I VEP ratio 1.0 + 0.08, t test P < 0.001, n= 5) but not in control animals (Cl VEP 
ratio 2.73 + 0.2, n = 5). (B) and (C) VA recovery in adult amblyopic rats chronically treated with 
fluoxetine. VA of the formerly deprived eye assessed both electrophysiologically (B) and behaviorally (, 
was lower than that ofthe fellow eye in control animals [paired f test P < 0.001 for (B) and P < 0.001 
for (O, n= 5] but notin fluoxetine-treated adult rats [paired t test P = 0.703 for (B) and P = 0.354 for 
(0, n= 5), (D) OD (binocularity) recovery in adult amblyopic rats after chronic treatment with 
fluoxetine. The C1 VEP ratio was significantly higher (t test P < 0.002, n = 5) in the visual cortex of 
fluoxetine-treated adult rats (Cl VEP ratio 2.25 + 0.17) than in controls (Cl VEP ratio 1.11 + 0.20, 
5), and was in the range of adult animals with normal vision. Error bars represent SEM asterisk indicates 
statistical significance. 


Jow frequency stimulation from the white matter, 
after chronic antidepressant treatment. We found 
that LTD was saturated in the visual cortex of 
MD adult rats chronically treated with fuoxetine 
as compared with controls [95.4% of pre-low- 
frequency stimulation baseline amplitude for 
MD fluoxetine treated animals and 79.4% for 
controls}. 

Because chronic antidepressant administra 
tion increases the expression of the neurotrophin 
BDNF in imbic structures, most notably in the 
hippocampus (5, 20), we measured BDNF pro- 
tein levels, using the enzyme-linked immno- 
sorbent assay (ELISA) method, in the adult rat 
visual cortex after chronic fluoxetine administra 
tion. We found increased expression of BDNF in 
the visual cortex of fluoxetine -treated adult rats 
(stest P< 0.04, n= 6) Fig. 2C). BDNF protein 
expression was similarly enhanced in the hippo- 
campus (f test P< 0.01, 1 = 6) (fig. $6). To 
examine whether the increased BDNF expres 
sion is causally linked to the reinstatement of 
plasticity in the adult visual system, we then as- 
sessed OD in rats that were intracortically infused 
(via osmotic minipumps) with BDNF (I ng ul *) 
{in parallel to MD. Conto! animals infused with 
Vehicle solution showed no change of binocular- 
fy in the visual cortex contralateral to the de- 
prived eye (C1 VEP ratio 2.44 + 0.1, 2 = 2). In 
contrast, adult rats intracortically infused with 
BDNF showed an OD shift in response to MD 
(CAVEP ratio 132+ 0.08 rtest P<0.001,n=4) 
(ig. 2D). 

Finally, to directly test whether the reduction 
of intracortical inhibition underlies the reopening 
of visual cortical plasticity in adulthood, we eval- 
uated OD in fluoxetine-treated adult rats that 
‘were infused intracortically with the benzodiaz- 
epine agonist diazepam (Dz) (2 mg ml ') or 
Vehicle solution during the period of MD (Fig. 
3A). Conical Dz administration in adult rats 
chronically weated with fluoxetine totally pre- 
vented the OD shift induced by MD (Fig. 3B) 
Contro! animals intracortcally infused with ve- 
hicle solution showed an OD shift in favor ofthe 
nondeprived eye after MD (C/I VEP ratio 1.07 
0.04, test P= 0.01, n= 3). 

(Our findings demonstrate that chronic fluox- 
tine administration reinstates a juvenile-like 
form of OD plasticity in adulthood, which is 
indicated by a decrease in the respanse to stim- 
ulation of the deprived eye and promotes a com- 
plete recovery of visual functions in adult 
amblyopic rats. These effects are accompanied 
by a marked reduction of GABAergic inhibition 
and increased BDNF protein expression in the 
visual cortex. Furthermore, we provide evidence 
that the reduction of intracortical inhibition in- 
duced by ADs is a critical cethular mechani to 
restore plasticity in the adult, because cortical in- 
fasion of Dz in fluoxetine treated rats prevented 
the OD shift of cortical neurons after MD. 

The effects induced by fluoxetine in adult 
visual conical plasticity are surprisingly similar 
to those caused by environmental enrichment, a 
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condition characterized by increased exploratory 
behavior and sensory-motor stimulation, which 
wwe recently found to promote ambiyopia recov- 
ery in adulthood through a reduction of intra- 
cortical inhibition (27). Our data suggest that the 
enhanced serotonergic transmission induced by 
chronic treatment with fuoxetine promotes firmc- 
tional and/or structural mechanisms that shift the 
{intracortical inhibitory-excitatory balance, trig- 
ering plasticity in the adult visual cortex. We 
propose that the reduced GABAergic inhibition 
{induced by chronic fluoxetine administration and 
increased BDNF expression open the pathway to 
the genes that regulate plasticity, thus allowing a 
functional modification of neuronal circuitries 
that underlies the sensitivity to MD in the adult 
and recovery from amblyopia. Because previous 
studies have shown that serotonin enhances neu 

ronal responses to the excitatory aminoacid ago- 
nist N-methyi-p-aspartate in neocortical slices of 
duit rats (22), we cannot rule out the possibility 
that reinstatement of plasticity in the adult visual 
cortex induced by chronic fuoxetine administra- 
tion may also involve an increased glutamatergic 
transmission, 

We also observed the occurrence of WM- 
LIP in the visual cortex of fluoxetine-treated 
rats, a phenomenon that is usually absent in the 
adult but can be restored if GABA-mediated 
inhibition is reduced (23). Chronic administra 
tion of ADs in healthy humans increases the 
amplitude of the Pl and NI components of 
VEPs in response to repeated presentation of 
‘visual stimuli, which has been suggested to be a 
fonm of synaptic plasticity (24). Taken together, 
these findings indicate that a similar increase of 
plasticity, which is described here in the rodent 
visual cortex, may also take place in the human 
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Fig. 2. Reduced intracortical inhibition and increased expression of BDNF in the adult rat visual 
cortex after chronic antidepressant treatment. (A) GABAergic neurotransmission in the visual cortex 
of fluoxetine-treated adult rats. In vivo brain microdialysis revealed that basal extracellular levels 
of GABA were significantly lower in fluoxetine-treated animals than in control rats (two-way ANOVA 
repeated measures P = 0.02, post hoc Holm-Sidak test P < 0.02 where indicated, n = 5). (B) LTP of 
neural transmission in the adult visual cortex. WM-LTP, measured 20 to 30 min after TBS, was sig- 
nificantly higher in the visual cortex of fluoxetine-treated animals than in controls (two-way ANOVA 
repeated measures P < 0.005, post hoc Student-Newman-Keuls test P < 0,01). Scale bars are 50% of 
baseline amplitude and 5 ms. (Q) BDNF protein levels after antidepressant treatment. BONF protein 
expression, quantified by means of ELISA, was significantly higher in the visual cortex (t test P< 
0.04, n = 6) of adult rats chronically treated with fluoxetine than in controls. (D) intracortical 
administration of BDNF. Adult animals cortically infused with BDNF showed an OD shift in the 
visual cortex contralateral to the deprived eye as compared with control animals (t test P< 0.001, 
n= 4). Error bars represent SEM; asterisk indicates statistical significance. 
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Fig. 3. Cortical administration of Dz prevented the restoration of OD plas- 
ticity induced by chronic fluoxetine administration. (A) Schematic diagrams 
of the experimental procedure followed (top) and of the osmotic minipump 
‘implant and recording site of VEPs in the binocular visual cortex contra~ 
lateral to the deprived eye (bottom). Cortical administration of the benzo- 
<iazepine agonist Dz was performed in parallel with MD during the last week 
of antidepressant treatment. Oc1B, primary visual cortex. (B) Blockade of 
OD plasticity in fluoxetine-treated rats intracortical infused with Dz. The Cit 
EP ratio in the visual cortex contralateral to the deprived eye after MD in 
fiuoxetine-treated adult animals that were cortically infused with the benzo- 
diazepine agonist Dz (Fluox + Dz) was not different from that of control 
(nondeprived) animals (Ci VEP ratio 2.48 + 0.29, t test P= 0.483, n= 4), 


@o 


MD eye 


but differed significantly from either that of adult rats chronically treated with fluoxetine (Fluo {test P= 0.001, n= 5)or that of animals cortically infused with 


vehicle solution (Fluox + Veh) (f test P= 0.01, n= 
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3). Error bars represent SEM; asterisk indicates statistical significance. 
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vvisual system during chronic SSRI treatment. 
Moreover, our results open the possiblity that 
chronic treatment with antidepressants may also 
have similar effects in other brain areas, such as 
those involved in mood regulation in depressed 
ppatients, and suggest new mechanisms for the 
therapeutic effects induced by ADs and the 
pathophysiology of mood disorders. 

ur finding that fluoxetine, a widely pre- 
scribed AD in humans, restores plasticity in the 
adult visual system suggests that antidepressants 
may be used as a complementary treatment to 
current therapies for human amblyopia. Although 
amblyopia can be prevented by occlusion treat- 
‘ment during childhood, there are curently no 
treatment strategies that would restore vision to 
the amblyopic eye in adults (25). Our data also 
indicate a potential clinical application for anti- 
depressants in neurological disorders in which 
synaptic plasticity is compromised because of 
excessive intracortical inhibition (26-28). 


References and Notes 

LE). Nester, Biot Paychioty 48, 526 19960. 

2 E Caste, at. Rex, Heorosc 6, 241 (2005i. 

3 LE Molberg, A.J fish Nester, RS. Duan, 
I Nesrosc. 20. 9108 (2000 

4 T Hazan MJ Maclay, C leant, J Newoscl. 21, 
1259 0051. 

5. ML Mya S Morinobu, RS. Duman, ewosct 15. 
7539 995. 

6 E Gosren, Cort. Opn. Provmacot. 8, 58 (2008. 

7 L Santareli tat Science 301, 805 (20633. 

2 Y. irae A Chen, § Nakogana, D. sell 
RS Ouran, } Newrxci 22, 3251 2002) 

9. E Koponen eo. Cel. Ma. Newabiot. 25, 973 (2005). 

30. Z J. Huang eto, Cet 98, 739 0999). 

11 Mt Fagin, TC Hersch, Notare 404, 283 2600), 

12. V. Perit 7. Pizoruso, L Mate, Vion Res 39,3071 
999) 

13. LY. He. Hodos, EM. Quinton J. Neurosci 26, 2951 
206, 

1. E Gare, M. cy, B Gordon, Newrophsiot 82, 221 
999). 

15, MLY. Frenkel, ML F. Seat, Mewon 48, 917 (2000) 

16 NB. Santel ef ot. Neston 38, 977 2063}. 

1, Msterale and methads are avstable 2 apportng 
material on Science Onine 


1B. TK Hensh, Mot Rew Neurosci. 6, 277 (2008) 
49. A Kinood, MF, Beat. J. Neurosci. 14, 1634 (2998), 
20. C D'Sa, RS. Duran, Bipotor Disord 4, 183 

2002). 

21. A Sale at, Nat. Newosc. 10, 679 (2007) 

22. LN. Reynolds, A Bass, PL. Carlen, Brin Res 456, 
226 (1988). 

23. A data, W. Snget, Notre 330, 649 (987). 

26 C Normann,D. Sumit, A, Format, €. Doing. M. Bach 
Biot Prychiouy 62, 373 (2007). 

25. ML Holmes, LP. Clarke, Lancet 367, 1343 (2008). 

26. V.S. Dani et al, Proc. Not Acad, Sc, USA 102, 12560 
2005). 

27. LL Rubenstein, M.A, Merzeich, Genes Brin Behow. 2, 
255 2003), 

28, F Femande? ool, Hat. Neurosci 10, 421 2007) 

23, We thank |. Gantranceschi for her valuable assistance 
wth elecrophysologial recerdings This work was 
supported by orants fom Minster del Universit © 
el Ricerca, Programm Ricerca di Ritevante nteresse 
Nazionale, Fondo Integratvo Speciale Ricerca, Seid 
Jusctus Foundation, and the Academy of Finland and 
Center of Excellence in lecular Neurosciences 


1 September 2007; acepted 14 March 2008 
202126sience 1150516 


18 APRIL 2008 VOL 320 SCIENCE wwwsciencemag.org 


New Products Focus: Microscopy 


Vibration-Isolation Workstations 

Sturdy, versatile, and ergonomic, this line of vibration isolation workstations 
features automatic leveling and low natural frequencies for excellent vertical and 
horizontal isolation efficiencies. The workstations can be configured for a wide 
variety of applications in which external vibrations could adversely affect the 
operation of sensitive equipment. The Standard High-Performance Workstation is 
the choice for most applications. A Heavy/Moving-Load Workstation is available 
to isolate loads of up to 2,800 pounds, including equipment with high centers 
of gravity. The Personal Workstation is an economical solution for small labs and 
‘other tight spaces. A Variable-Height Workstation allows the user to raise or lower 
the tabletop to accommodate the height of the user. The Cleanroom Workstation 
is designed for use in Class 1 and Class 10 cleanrooms. The MK26 Workstation 
makes use of the Minus K stiff spring and negative-stifiness mechanism to 
achieve low net vertical stiffness, ultralow natural frequencies, and high internal 
structural frequencies without affecting the static load supporting capability. 


Kinetic Systems 
For information 617-522-8700 
wenwkineticsystems.com 


Supercontinuum Confocal Microscope 

The Leica TCS SP5 X confocal microscope with supercontinuum laser 
provides freedom and flexibility that were unattainable until now 
in fluorescence microscopy. The supercontinuum laser allows the 
researcher to choose any excitation line within the continuous range 
of 470 nm to 670 nm. The Leica TCS SPS X can precisely adapt to 
any fluorescent dye, Adjustment of the excitation line to the sample 
in 1 nm increments reduces cross-excitation and minimizes sample 
damage. The system allows multicolor excitation with up to eight 
excitation lines simultaneously. The patented Spectral Detection 
Technology provides the flexibility to choose any detection area 
in up to five spectral confocal photomultiplier tube channels. The 
system includes the acousto-optical beamsplitter, a Leica invention 
that provides high sensitivity and better transmission than any other 
dichroic mirror. 

Leica 

For information 800-248-0123 

www.leica-microsystems.com 


Piezo Stage System 

The NZ500CE NanoScanZ Piezo 500 micron stage system is an 
innovation in microscope automation designed for researchers 
using deconvolution and three-dimensional imaging techniques. 
The NanoScanZ Piezo 500 offers five-nanometer repeatability and 
closed-loop control with a subangstrom resolution piezo resistive 
sensor. The stage provides piezo speed with a sample holder area 
large enough for well plates in addition to standard slides and petri 
dishes. The 500-micron movement enables the NZ500CE to focus over 
an entire well plate without having to adjust the microscope focus 
mechanism. The stage complements the speed of the newest digital 
cameras and accomplishes in milliseconds what would take seconds 
for conventional rotary focus drives. By moving the sample instead 
of the objective, the NanoScanZ offers advantages over objective: 
based piezo systems, including faster moverient and settling and the 
flexibility to create Z stacks with multiple objectives. 

Prior Scientific 

For information 781-878-8442 

wwe priox.com 


PFilter Set Tailored to Nanocrystals 

Invitrogen’s Molecular Probes Qdot 625 nanocrystal fluorescent 
label is matched to work with the Brightline fluorescence filter set 
from Semrock. This new label filter combination allows the ultimate 
in briliant imaging or quantitation by combining Invitroger's stable 
and technically advanced Qdot nanocrystal fluorescence labeling 
technology with Semrock’s matched “no burn out” high performance 


fluorescence filters. Qdot fluorescence labeling products’ imaging 
performance comes from their robust nanocrystal structure combined 
with a customizable surface. As one example of their wide range of 
applications, the Qdot 625 streptavidin conjugate fills an important 
spectral gap for dense multicolor imaging experiments and exhibits 
greater brightness than the longer-wavelength Qdot nanocrystals. 
Coupled with Semrock’s high- brightness matched fluorescence filter 
set, these products are suitable for demanding experiments such 
as live-cell, single molecule dynamic imaging. The Qdot labels are 
not only bright, but usable in applications that require long-term 
photostabilty. 

‘Semrock and Invitrogen 

For information 585-594-7003 

www.semrock.com 


Multispectral Imaging System FX 
The Kodak In-Vivo Multispectral Imaging System FX is a new digital 
system for fluorescent molecular imaging that enables life science 
researchers to study molecular abnormalities that are the origin of 
disease at a very early stage. The system is designed to precisely 
locate and monitor changes in the molecular activity of specific 
cells or organs long before morphological changes can be detected, 
expediting the development of effective therapeutics for disease 
treatment. The system’s unique multispectral tuning ofexcitation light 
greatly enhances image sensitivity, allowing for the identification and 
separation of multiple optical biological marker signals in subjects 
suchassmall animals, while removing background noise. Thesystem’s 
sophisticated software automatically generates and analyzes aseries 
of images taken at different wavelengths with spatially coregistered 
Xray and white light images for improved localization of biomarkers 
1e system's multimodal capabilities include bioluminescence 


Carestream Health 
For information 877-747-4357 
www.carestreamhealth.com 


Electronically submit your new product description or product literature 
information! Go to www.sciencemag.org/products/newproducts.dtl for 
more information. 


Newly offered instrumentation, apparatus, and laboratory materials of 
interest to researchers in all disciplines in academic, industrial, and gov- 
‘eramental organizations are featured in this space. Emphasis is given to 
purpose, chief characteristics, and availabilty of products and materials. 
Endorsement by Science or ARAS of any products or materials mentioned 
is not implied. Additional information may be obtained from the manufac- 
hirer or supe 
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Science Careers 
[_tomtiafera scence BNAAAS | 


‘The Department of Biological Sciences at Mahal | 
‘Usvenniy ints applications fo a temsre rack 
x the ASSISTANT PROFESSOR lew! o begs fal | 
2008. We eck an AQUATIC BIOLOGIST ws ox 
perise in one or mece of the folowing areas: lim 
‘ology, entomology, aquatic toxicology, schthvology, 
phycology, mucrobal ecology, watered cenlogy, 
Scher reated dace. Duss include teaching, es 
toring sudear research, establishing an examucaly | 
funded research program, and parcpaing in ser | 
vice acvies. Teaching assignments will be. in the 
iological scences majors introductory series and 
the Watesshed Resource Sciences Graduate Program. 
(Candidates with interdiscpinary teaching and research | 
ipterests are encouraged 10 apply. Candidates must 
possess a Pb.D. in biology or'a closely elated dis- | 
Spline. Demonstrated excllence in undergradiare 
teaching, experience mentoring srucens in research, 
and postdoctoral taining are prefered. Qualified 
appicans should send a cover leer, carent car | 
‘uli vitae, caching philosophy, esearch isterests | 
and goals, and up to tee selected reprins. Appl 
Gans should also arange for thee leer of refer | 
‘ce to be sent diecey to the Departnent. Applicaton | 
Steals ay be vabmated decency (peterea) | 
email aquaticbiologist@marshallcdu. or by 
sui wo: Dr. ‘Somerville, Professor and Head, 
| 


Dirsion of Bioogion Scxnct, Aquatic 
Saari, Marshall Uniesgy: One John Maral 
Drive, Huntington, WV 25755. Review of appit 
‘Sunes begins ea 7 May 2008, and wil conte 
Sal the petton fled Mal tc mp of to 
Nato Sion Potion me tt ck wc Se 
Tenty Bagh he ADVANCE: and CSAMP Pe 
Tl teens gatooncons seats 
peli 


‘COMPUTATIONAL BIOLOGY/GENOMICS 
“The Center for Molecular Medicine and Genetics 
ax Wayne Sate. Univeiy seeks an ousanding 
RESEARCH ASSISTANT PROFESSOR orc | 
POSTDOCTORAL FELLOW is compuatoaa | 
groom The sicesfil cxcidace wil be meamred 
Sat a log txm gual of bailing 2 rigorous, ine 
pendonr ocarch Cacer and wil hep sarin the 
ene infra intctrcoire. Our Conte, lo 
cated in dhe School of Medicine i dein to ce 
Fray tnec sel edieation nt bles ad 
Ea bacco in tices ofeewolgen Gee, | 
irocnontal Gace, arose ace, comp 
doc grenucs el rlerciciaes ct peer 
ton, tcoding noncoding RNA Moe infomation is 
ak website: htrp://www genetics. wayne.cdu. To ap- 


POSITIONS OPEN 


NEUROSCIENCE CENTER DIRECTOR 
Meharry Medical College is secking a dynamic 


| NEUROSCIENTIST co take a leadership role in 


‘acing eantasen, clea and human Beiavorl 
‘seach t ENDOWED PROFESSOR ae Disecor 
Sf the Center for Molecular and Behationl Newo- 
Science. The Drecr wil ao be espece o establish, 
‘ere appropeat,sateie Linkages /collasoraions 
‘wth ongoing rear af the latintion in cancer 
HIV/AIDS, woes heath or the crdo-ncabole 
deeaes, Toe Center consis of a cae of bie 
‘iste, and behavior) neuoacensic engaged 
Scaci-o-besde-t-commniy search wi fod ia 
ies of acarodegencrsion, nro price 
Seategen, Aishcine's Gara, Pain’ cacte ad 
searosenclogy, adctons, and eakaking beac 
Se Cen nme ice mj mci 
sear progr a0 anole ites Ph 
Fropatn a Newosdeac,putaly funded by a NIMH 
‘TS? caning program svar 

“Tae ade apposnument wil be in the Depart 
‘ment that mott consistent with the educational 
Eickgrosnd and research inteceuts ofthe candidate 
Center ivesigaors hold wademic appoinaents 
‘Se Deparments of Nescottlogy and Nearoton 
ogy, Neurology, aod Paychiasy and Behavioral 
Stem. The sueceafal appease wil have a rcord 
of sobsiastal and conisious exramanl Runding 
Sod scholarly producti. Admiisrative and bud 
getomanagerient eperence nan sedemnc segs 
Sesiable 

Located in Nashville, Tennessee, Mebary Medical 
Coleg the anges pace, Historically ek ns 
‘Soe cacy edad fo equating Biomed 
‘Scensiis and alt care profssonals isthe United 
States, Te Lnsistion composed of the Schools of 
Deaniscy, Graduate Suis, and Medicine. 

“The weenng of appications i ongoing andthe 
potion will esia open usta sie aadidaces 
(EersifedIntreed indus should sibre« leser 
finer summariag ther quaieaony og with 
Spi wae snd coma lnfermation for ee 

Hubert K. Rucker, PhD. 
‘Associate Vice President for Research 
“Meharry Medical College 
1008 DB. Todd Boulevard 
Nashwile, TN 37308 
E-mail: hrucker@mmeeda 


Ply, please send cumeulim vitae and ‘efor 
ration fer three references to: Ms. Mary Anne | 
Housey, Center for Molecular Medicine and | 
Genetics, Wayne State University School of 
Medicine, 540 E. Canfield Avenue, Dewoit, MI | 
48201. Telephone: 313-577-5325; fax: 313.577- | 
5218, E-mail: mhouscy@med.waynecdu. 


UCLA CENTER for VACCINE RESEARCH | 

‘A DIRECTOR is sought for the UCLA Censee | 
for Vaccine Research a te Los Angeles Biomedical 
Research Instinste at Harbor UCLA Medical Cex 
ree. Candidates mist have a significant record of 
decomplshmenc i the area of vaccines, ifecsous | 
seas, microbiology, molecular biology, epicemi- | 
ology, or immunology and be cipibe for acaderic 
sepomsimeat 2 the ASSOCIATE or PROFESSOR. | 
ifvel at the David Geffen School of Medicine at | 
UCLA. Both Pa.D. and M.D. iovetigators wil be 
considered. A compestive recnsimest package = | 
ralabie. Approximately 6,000 square feez of Ibo 
‘toy space is avalabic in'a new rere balding 
Costact Dr. Margaret Keller, Chief of Pediatric | 
Infectious Diseases, = telephone: 310-222-4175 | 
cr email: kellerSlabiomed. org. 


PRESIDENT/CEO 

Presiet/CEO for Wathar-bed peal phar 
saceatial company. Analyze project operations, iden- 
‘Sy new product opportunites, and conduct pavate/ 
public findrising Promote company ¢o both pat 
Yate and public iavestors and to merger/scquisiton 
‘andicates. Minimam requirements: Mascers degree 
{ce equitalens) in accounting or feance, or employer 
‘wil azepe Bachelors degree (or foreign equivalezt) 
{5 accounting or finance plus five year of progres 
sively more responsible work in the fied; and. four 
Yeu of senior level investment banking experience 
with companies in the life sciences, beath, and 
Biomchnology/medial device industies. Expedence 
‘must sncisde” qualified accounting expesienee in a 
taultgatonal (Fornune 500) accounting fem; US. 
2d Exropean corporate finance experience in taking 
campanies public raking and managing $10 milion 
plas venture capital/pavate fandings mergers and 
[eguistoss wanactons; experence asseaorexecsie/ 
(officer of a fe scence company, scentic/tecticd 
“ncerstanding of Biotechnology pharmacestical/ 
[ie scence indostry, franchise bulding, and budget 
[lanting/analyis Sead cover lecez/resume to: Paul 
FFerkins, 75 Third Avenue, #118, Waltham, MA 
245i. 
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